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ABSTRACT  
Cancer relapse and metastasis remain one of the main problems in treatment of breast 

cancer (BC). A small subset from bulk tumor cells, called breast cancer stem cells 

(BCSCs), is found to be responsible for cancer initiation, recurrence, metastasis and 

resistance to therapy. Therefore, specifically detecting these cells is an important task in 

BC diagnosis and management. The main goal of this thesis was to develop aptamer-

functionalized substrates which in the future could be used for BCSC isolation and 

detection. To achieve this objective, the project has been divided into three tasks as will 

be discussed below. 

Given small number of available specific ligands against BCSC and their 

importance in BC, one of the tasks of this thesis was to select and characterize new single 

stranded DNA aptamers against BCSC. Fluorescently activated cell sorting was utilized 

to enrich oligonucleotides bound to cells while imaging flow cytometry was used to study 

their binding. Two of the selected aptamers showed increased binding to target cells than 

to control cells; however, their binding affinity was not fully studied. They are one of the 

few ligands reported to date to bind BCSC and were selected against well characterized 

BCSC derived from a triple-negative breast cancer. 

Another task of this work was to functionalize stainless steel (SS) wire with 

aptamers specific to BCSC in order to alleviate the problem of “fishing out” such rare 

events as BCSC. For this, the wire electropolishing conditions were determined. In order 

to attach ligand, silanization by electrodeposition was optimized thus determining the 

most suitable applied potential (–0.8 V), pH of the solution (pH 5 and 5.5) and heat 

treatment temperature after electrodeposition (130°C). The silanized surface was then 

immobilized with commercially available CD44 aptamers (marker of BCSC) after being 

activated by a crosslinker to build a functionalized surface. This wire was able to capture 

the target cells in an in vitro test. The wires were analyzed by such surface 

characterization methods as atomic force microscopy (AFM), cyclic voltammetry (CV), 

scanning electron microscopy (SEM) and fluorescence microscopy.  

In addition, using the same surface chemistry as in functionalized SS wire, another 

platform – fiber Bragg grating (FBG) sensor has been explored with a well-studied 

ligand-analyte pair (thrombin and thrombin-binding aptamer). For this, FBG was made 
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sensitive to the surrounding refractive index (RI) by chemical etching and calibrated in 

solutions with known RI before being functionalized with aptamers. Then the sensor 

demonstrated increased Bragg wavelength shift when tested in different thrombin 

concentrations. 

In conclusion, the main goal of this thesis – developing aptamer-functionalized 

substrates with a perspective application in BCSC isolation and detection – was achieved, 

although each task of the project was completed with different level of success. Binding 

of aptamers selected against BCSC could not be fully studied. However, they are one of 

the few reported aptamers against an important subtype of BC. Besides, only a small 

fraction of aptamer candidates were characterized and better binders could still be 

revealed.  Wires functionalized with CD44 aptamers, after further study, have a potential 

to be used for in vivo capture of target cells in the blood flow, since their small size allows 

the insertion as a standard guidewire in biomedical devices. For fabricated EGBF 

biosensor, selective detection of clinically relevant concentration of thrombin has been 

demonstrated. The used functionalization method allows a facile fabrication of the sensor 

not requiring thin film fabrication. 
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РЕФЕРАТ (ABSTRACT IN KAZAKH) 

Сүт безінің қатерлі ісігін (CБҚІ) емдеудің негізгі мәселелерінің бірі қатерлі ісіктің 

қайта оралуы мен метастаз болып табылады. Қатерлі ісік жасушаларының ішінде 

СБҚІ-нің бағаналы жасушалары (CБҚІБЖ) деп аталатын жасушалардың бір бөлігі 

ғана аурудың басталуы, қайталануы, метастаздың және терапияға төзімділіктің 

пайда болуының себебі болып есептеледі. Сондықтан бұл жасушаларды нақты 

анықтау CБҚІ диагнозы мен оны басқарудағы маңызды міндет болып табылады. 

Бұл диссертациялық жұмыстың негізгі мақсаты болашақта CБҚІБЖ-ны оқшаулау 

және анықтау үшін қолданылуы мүмкін аптамермен қапталған субстраттар жасау 

болды. Осы мақсатқа жету үшін жоба төменде талқыланатын үш міндетке бөлінді. 

CБҚІБЖ-ға өзіне тән қол жетімді лигандтардың аздығы және олардың CБҚІ-

дегі маңыздылығын ескере отырып, бұл тезистің бірінші міндеті CБҚІБЖ-ға қарсы 

жаңа бір тізбекті ДНҚ аптамерлерін таңдау және сипаттау болды. Флуоресцентті 

активтендірілген жасушаларды сұрыптау тәсілі жасушалармен байланысқан 

олигонуклеотидтерді байыту үшін қолданылды, ал бейнелі ағын цитометрия 

олардың жасушалармен жабысуын зерттеу үшін қолданылды. Бөліп алынған 

аптамерлердің екеуін CБҚІБЖ-ға жабысуын толығымен зерттеу мүмкін болмады,. 

Дегенмен, бұл аптамерлер CБҚІБЖ-ға жабысатын лигандтардың бірден бірі және 

олар үш маркері көрінбейтін СБҚІ-ден алынған CБҚІБЖ-ға қарсы бөлініп алынған 

болатын.  

Бұл жұмыстың тағы бір міндеті CБҚІБЖ сияқты сирек кездесетін 

жаушаларды «аулау» мәселесін жеңілдету үшін CБҚІБЖ-ға тән аптамерлері бар 

болат сымын функцияландыру болды. Бұл үшін сымды электрлік жолмен 

жылтырату шарттары анықталды. Лигандты бекіту үшін электродты силанизация 

жағдайлары оңтайландырылды, осылайша ең қолайлы қолданылатын потенциал (-

0,8 В), ерітіндінің рН-ы (pH 5 және 5.5) және силанизациялағаннан кейін жоғары 

температурамен өңдеу температурасы (130°C) анықталды. Силанизацияланған 

сымның бетін одан әрі функционаландыру үшін глютаральдегидпен өңделіп, CD44 

аптамерлерімен (CБҚІБЖ маркері) иммобилизацияланды. Бұл сым in vitro 

сынағында мақсатты жасушаларды өзіне жабыстыра алды. Осылайша 

функцияландырылған сымдар атомдық күш микроскопиясы (АФМ), циклдік 
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вольтамметрия (ЦВ), сканерлеуші электронды микроскопия (СЭМ) және 

флуоресценциялық микроскопия сияқты сипаттамалық әдістермен талданды. 

Сонымен қатар, функционалды болат сымындағыдай химиялық 

реакцияларды қолдана отырып, тағы бір платформа – талшықты Брэгг торы (ТБГ) 

сенсорында жақсы зерттелген лиганд-аналит жұбы (тромбин және тромбинге 

байланысатын аптамер) зерттелді. Аптамерлерді жабыстырмас бұрын ТБГ 

қоршаған айналадағы сыну көрсеткішіне (СК) сезімтал болу үшін қышқылмен 

өңделіп, СК белгілі ерітінділерінде калибрленді. Осылайша әзірленге сенсор әр 

түрлі тромбин концентрациясында сыналған кезде, Брэгг толқын ұзындығының 

жоғарылауын көрсетті. 

Қорытындылай келе, бұл тезистің негізгі мақсаты – CБҚІБЖ-ны оқшаулау 

мен анықтауда келешекте қолданыла алатын аптамермен функционаландырылған 

субстрат жасауға – қол жеткізілді, дегенмен жобаның әр тапсырмасы әр түрлі 

деңгейде орындалды. CБҚІБЖ-ға қарсы таңдалған аптамерлер әдебиетте 

көрсетілген аптамерлерге қарағанда жасушалармен байланысу қабілеті төмендігі 

көрсетілді. Алайда, олар CБҚІ ауруының маңызды түріне қарсы таңдап алынған 

аптамерлердің бірден бірі болып табылады. Сонымен қатар, таңдап алынған 

аптамерге үміткерлердің ішінен олардыі аз бөлігі ғана сипатталды және әлі де 

жасушаларға жақсырақ байланыса алатындары табылуы мүмкін. Қан ағымындағы 

мақсатты жасушаларды ұстау үшін CD44 аптамерімен жұмыс істейтін сымдарды 

қолдануға болады, өйткені олардың кішкентай мөлшері олардың биомедициналық 

құрылғыларға стандартты нұсқаулыққа сәйкес кіргізілуіне мүмкіндік береді. Ал 

жасалған ТБГ биосенсоры тромбиннің клиникалық тұрғыдан сәйкес 

концентрациясын селективті анықтай алатындығы көрсетілді. ТБГ биосенсорын 

жасауда қолданылған функционалдандыру әдісі жұқа қабатты дайындауды қажет 

етпейтін сенсорды оңай құрастыруға мүмкіндік береді. 
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Figure 4.6 Scanning electron micrographs of wire after electropolishing for 100, 200 and 

300 s (magnifications 500x and 2000×; Images using two detectors shown: InLens 

(upper) and Secondary electrode (lower)). 
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Figure 4.7. AFM micrographs of wire before (A, B, C) and after electropolishing (D, E, 

F). A and B: 5 µm × 5 µm; B and D: profiles of lines shown on A and D respectively; C 

and F: 3D images of A and D respectively. The figure was published as part of the paper 

(30) (MDPI Open Access License). 

 

Figure 4.8. AFM images of APTES electrodeposition on sonicated SS wires under 

different potentials (10 µm × 10 µm and their corresponding 3D images). The figure was 

published as part of the paper (30) (MDPI Open Access License). 

 

Figure 4.9. AFM images of SS after electrodeposition of APTES under different potential. 

From top to bottom: 2.5µm×2.5µm (for -0.6V 5µm×5µm); 1µm×1µm; 3D image of 

1µm×1µm. rms shown for 1µm×1µm. Samples at -0.8V are discussed further. The figure 

was published as part of the paper (30) (MDPI Open Access License). 

 

Figure 4.10. Cyclic voltammograms of electropolished SS electrode (Elpol) and silanized 

with APTES using different applied potentials (HT): −1.2; 0.8 and −0.6 V; CV done in 

PBS pH 7.4 containing 0.10 M KCl and 1.0 mM [Fe(CN)6]3−/4− with a scan rate of 50 

mV/s. Potential vs. RE (3 M NaCl). 

 

Figure 4.11. AFM micrographs of electropolished SS wires after electrodeposition of 

APTES at the applied potential of −0.8 V for 30 min in solutions with pH values of 6; 

5.5; 5 and 4. For each pH value, 1 µm × 1 µm images, their 3D images and profiles along 

the lines are shown. The figure was published as part of the paper (30) (MDPI Open 

Access License). 

 

Figure 4.12. FITC analysis of the control (Elpol-electropolished) and silanized samples 

(HT) (electrodeposition at the applied potential of −0.8 V for 30 min) as visualized by 

fluorescence microscopy. The figure was published as part of the paper (30) (MDPI Open 

Access License). 
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Figure 4.13. AFM micrographs (A,B) and FITC analysis (C,D) of SS wire at two different 

heat treatment temperatures (130 °C and 70 °C) after electrodeposition of APTES using 

−0.8 V vs. QRE. The figure was published as part of the paper (30) (MDPI Open Access 

License). 

 

Figure 4.14. AFM images of silanized SS before and after treatment with GA. The figure 

was published as part of the paper (30) (MDPI Open Access License). 

 

Figure 4.15. Cyclic voltammograms of silanized SS electrode after treatment with GA. 

 

Figure 4.16. AFM images of cross-linked SS (APTES+GA) before and after treatment 

with Aptamers. The figure was published as part of the paper (30) (MDPI Open Access 

License). 

 

Figure 4.17. Cyclic voltammograms of silanized SS with crosslinker (APTES+GA) 

treated with aptamers (APTES+GA+Apt). 

 

Figure 4.18. Ability of functionalized wires to capture target cells (breast cancer stem 

cells) as observed by fluorescent microscopy. Images of control (A) and functionalized 

(B) wires after DAPI staining. Different areas of the same sample are shown. The figure 

was published as part of the paper (30) (MDPI Open Access License). 

 

Figure 5.1. Setup used for developing a thrombin EFBG biosensor: EFBG was attached 

to a plastic stick (shown in green) and connected to optical sensing interrogator for data 

acquisition during measurements before data analysis. 

 

Figure 5.2. Schematic overview of thrombin biosensor based on etched FBG. 

 

Figure 5.3. Overview of developing biosensor based on etched FBG 
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Figure 5.4. Spectra of the FBG prior etching and after etching the FBG using hydrofluoric 

acid. The graphic shows spectra observed on the FBG interrogator. The figure published 

as part of the paper (31) (MDPI Open Access License). 

 

Figure 5.5. Results of calibration of the EFBG using sucrose dissolved in water (1.5; 3.1; 

6.2; 12.5; 25.0 and 50.0% w/v) which have different RI and the corresponding wavelength 

shift (1.5% set at 0). Sensitivity (17.4 nm/RIU) is estimated using linear regression. The 

figure published as part of the paper (31) (MDPI Open Access License). 

 

Figure 5.6. High-resolution AFM topographical images of etched glass surface before 

after functionalization in air: 2D (left column) and 3D (right column). A) Etched surface 

(not functionalized); B) Etched + silanized (APTES); C) Etched + APTES + crosslinker 

(Glutaraldehyde). Scanning sizes: XY 1.5 µm x 1.5 µm; average height: -200 to +200 

nm. The figure published as part of the paper (31) (MDPI Open Access License). 

 

Figure 5.7. Dynamic of Bragg wavelength through the fabrication and functionalization 

of the EFBG thrombin biosensor. Graphic shows the estimated Bragg wavelength after 

each fabrication step (before thrombin detection). The figure published as part of the 

paper (31) (MDPI Open Access License). 

 

Figure 5.8. Bragg wavelength shift observed during incubation of EFBG functionalized 

with thrombin-binding aptamer with thrombin. Results for 70 min detection of thrombin 

at different concentrations 10 nM to 80 nM is shown. The figure published as part of the 

paper (31) (MDPI Open Access License). 

 

Figure 5.9. Results of the response of EFBG functionalized with thrombin-binding 

aptamer to thrombin: (a) Bragg wavelength shift observed for different thrombin 

concentrations after 10, 20, 30, and 40 min (b) detection accuracy (estimated as the 

standard deviation of the wavelength recorded over one-minute exposure). The figure 

published as part of the paper (31) (MDPI Open Access License). 
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Figure 5.10. (A) Reflection spectra of TFBG during etching; (B) Spectral change of the 

ETFBG (d ¼ 94 μm) in calibration solutions (sucrose); inset: zoom of the analyzed 

modes. Published as part of (32) (Elsevier Permission: Personal use of work by Authors). 

 

Figure 5.11. (A) Reflection spectra of ETFBG during the detection of the analyte 

(thrombin 2.5 nM, 10 nM, 20 nM and 40 nM). (B) Results of analyte measurement 

(wavelength shift as a function of the thrombin concentration) for the 3 most sensitive 

modes. Error bar range: -0.44 to +0.45 pm. Published as part of (32) (Elsevier Permission: 

Personal use of work by Authors). 
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LIST OF ABBREVIATIONS 

ALDH1 Aldehyde dehydrogenase 1 

AFM Atomic force microscopy 

APTES (3-aminopropyl)triethoxysilane 

BB Binding buffer 

BC Breast cancer  

BCSC Breast cancer stem cells 

BSA  Bovine serum albumin 

ca. lat. circa; meaning “around, about, roughly 

CRediT Contributor Roles Taxonomy  

CSC Cancer stem cells 

CTC Circulating tumour cells 

CV Cyclic voltammetry 

DNA Deoxyribonucleic acid 

EMT Epithelial to mesenchymal transition 

EpCAM Epithelial cell adhesion molecule 

et al. lat. et alii; meaning “and others” 

EFBG Etched fiber Bragg grating 

ETFBG Etched tilted fiber Bragg grating 

FACS Fluorescence-activated cell sorting 

FBG Fiber Bragg grating 

FDA US Food and Drug Administration 

FITC Fluorescein isothiocyanate 

GA Glutaraldehyde 

LOD Limit of detection 
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NGS Next-generation sequencing 

NOD/SCID mice Mice with non-obese diabetic/severe combined 
immunodeficiency 

nt Nucleotides (unit of length for single-stranded nucleic acids) 

PBS Phosphate-buffered saline 

pH lat. Potentia Hydrogenii meaning “potential of hydrogen” 

RIU Refractive index unit 

rms root mean square (roughness) 

SELEX Systematic evolution of ligands by exponential enrichment 

SEM Scanning electron microscope 

SCA Silane coupling agents 

SS Stainless steel 

TBA Thrombin-binding aptamer 

TFBG Tilted fiber Bragg grating 

TN  Triple negative (breast cancer negative for expression of 
estrogen and progesterone receptors and lacking amplification 
of human epidermal growth factor receptor 2 gene) 

v/v volume to volume % 

w/v weight to volume % 
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CHAPTER 1. INTRODUCTION 

1.1. Background and Motivation 

1.1.1. Breast cancer stem cells in breast cancer disease  

BC is the most common cancer in women worldwide (1) with over six hundred thousand 

estimated deaths in 2018 (2). Despite the progress in treatment and prognosis, cancer 

recurrence and resistance to therapy remain the biggest problem in BC treatment (3). 

Moreover, metastasis is the main reason of death for patients with BC. Numerous studies 

suggest that only a small subset of cells is responsible for increased resistance to therapy 

and drive tumor growth and development. These cells are called cancer stem cells (CSC). 

They are a subset of tumor cells which have characteristics like normal stem cells: self-

renewal and multi-lineage differentiation (4, 5). CSC are a source of both tumor 

propagation and heterogeneity in cancer cells  (4, 5).  

Range of methods for detection and isolation of these cells have been developed 

over the years as shown in Table 1.1. These methods utilize mostly one or more 

characteristics of CSC such as surface biomarkers, enzymatic activity, size, intracellular 

molecules, drug-exclusion ability, tumorigenicity in mice models. While offering many 

advantages, each of them has some drawbacks as low specificity and sensitivity, need in 

expensive equipment or trained personnel. Moreover, none of these methods detect CSC 

from blood directly. The presence of these cells in the blood  gives an opportunity to use 

blood in diagnosis of BC (6). So far, analyzing BCSC has been done indirectly, i.e. not 

deriving them from the blood. One of the standard methods is forming human tumors in 

animal models, then analyzing their surface marker expressions using flow cytometry to 

find the cell population able to form tumors based on surface marker expression (7). 

Another methods are directly deriving the cells in vitro as mammospheres (without initial 

animal experiments) (8) or by isolating them from mature BC cell lines (9). Novel 

technologies for BCSC isolation from the bloodstream would allow the elimination of 

them from the bloodstream, therefore lowering the risk of developing risk of metastasis 

(10). 
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CSC 

characteristics 
Method Advantages Disadvantages 

Drug exclusion 

 

Side population 
assay 

• Entails no specific cell 
markers  

• Low specificity 
• Lack of purity 
• Not entire stem cell 

cohort  
• Costly 

Enzymatic 
activity 

 

Aldehyde 
dehydrogenase 
(ALDH) assay 

• Stability (compared to 
surface markers)  

• Low specificity  

Increased 
tumorigenicity in 
xenograft models 

 

Xenotransplantati
on into 

NOD/SCID mice 

• Immature stem cells 
• Detection on a single-cell 

level  
• Widely accepted 

• Time consuming 
• Expensive 
• Host factors  
• Potential to be biased 

Surface markers, 
size, intracellular 

molecules 

 

 

Flow cytometry 
assisted cell 

sorting (FACS) 

• Multiparameter separation  
• Quantification 

• High cost 
• Low viability of 

recovered cells 
• Trained personnel  
• Cell suspension solution  
• Possible cell activation 

 
 
 

Surface markers 

 

Magnetic-assisted 
cell sorting 

(MACS) 

• Fast and easy  • Monoparameter 
separation 

• Cell suspension 
solutions  

Immuno-
cytochemistry 

Relatively inexpensive 
Very specific 
 

• Cross reactivity 
• Background 
• Qualitative only 

Immuno-
histochemistry 

Inexpensive 
Highly specific 

• Limited to tissue sample 
• Trained personnel 

Resistance to 
drugs 

 

Therapy 
resistance assay 

Fast and simple • Low specificity, 
sensitivity 

Table 1.1. Advantages and disadvantages of currently used methods of cancer stem cell 

isolation and analysis. 
Table: Based on (3, 11); NOD/SCID mice – mice with non-obese diabetic/severe combined 
immunodeficiency 
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1.1.2. Aptamer as an advantageous ligand against BCSC  

Given the importance of BCSC in BC recurrence, metastasis and resistance to therapy 

and also lack of synthetic binders, there is a need in discovering new ligands against them 

(12).  One of such ligand candidates could be aptamers. Aptamers are single stranded 

oligonucleotides (DNA or RNA) or peptides that specifically bind to a broad range of 

targets. They are selected in vitro by systematic evolution of ligands by exponential 

enrichment (SELEX) (13, 14). Aptamers have qualities that can overcome some 

disadvantages of antibodies. For example, selection is done in vitro thus alleviating the 

use of animals during the selection process compared to antibodies; and their properties 

can be changed on demand: aptamers that can bind their targets in non-physiological 

conditions can be selected. SELEX has many modifications (15). One of them is cell-

SELEX where aptamers against whole cells are selected. The main strengths of this 

method are: no need in prior knowledge of target molecule on cell surface; possibility to 

isolate aptamers against several molecules at once; biomarker discovery possibility; 

molecules are in their native state (16, 17). Recently RNA aptamers against epithelial cell 

adhesion molecule (EpCAM) – a CSC biomarker – were selected which specifically bind 

to breast, colorectal and gastric cancer cells that express this biomarker (18). Furthermore, 

aptamers against mouse embryonic stem cells were also selected (19). Therefore, one 

could assume that cell-based SELEX might be appropriate for the selection of aptamers 

against BCSC, by coupling with negative selection against differentiated cells.  

Numerous studies in cancer biology rely on established cell cultures as models. 

For CSC, using a well characterized cells rather than isolating from patients seems to be 

more rational. This is due to difficulties associated with isolation of these cells described 

in Table 1.1. In this project BCSC from Celprogen were selected as target cells. Apart 

from having more than one surface biomarker associated with CSC (CD133, CD44, 

SSEA3/4, Oct4), they show enzymatic activities (Aldehyde dehydrogenase 1 (ALDH1) 

and telomerase) and tumorogenicity (<1000 cells). It has been shown that CD44+/CD24-

/low alone as a marker is not enough and should be used with ALDH activity since cells 

with both of these characteristics have higher metastatic ability and are more malignant 

(20). Moreover, using cell lines in CSC studies can be regarded as valid especially when 

self-renewing ability is shown in vivo (21). 
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1.1.3. Existing platforms for in vivo isolation of rare cells 

Such important biomarkers in cancer as circulating tumor cells (CTC) as CSC, are rare 

events in the blood. One of the firstly reported devices for isolation of CTC that 

overcomes the issue of processing large blood volume was developed by Gilupi GMBH 

(www.gilupi.de). Their CellCollector™ is based on a medical guidewire made of SS 

covered with gold, hydrogel and EpCAM antibodies to capture CTC. It enables further 

downstream analysis of captured cells including immunofluorescence analysis, mutation 

analysis, fluorescence in situ hybridization, ex vivo cell culturing and other methods. 

CellCollector™ has shown a superior performance compared with CellSearch™ (a 

device cleared by Federal Drug Administration of the United States (FDA) for CTC 

detection) (22). Other fabricated devices for isolating rare cells from the blood stream 

include a system where magnetic nanoparticles are used for assisting capture and 

detection of CTC (23) and a “cytosensor” based on functionalized needle. All of these 

works, however, rely on the detection of CTC by EpCAM antibodies. EpCAM can be 

reduced in its expression during epithelial-to-mesenchymal transition which is associated 

with dissemination of tumor cells (24). Thus, there is a need in finding more specific 

markers and/or use combination of methods to isolate CSC from tumors (25).  

 

1.2. Objectives and novelty of Thesis 

In this project, it has been hypothesized that it is possible to develop aptamer-

functionalized substrates which would bring us closer to isolation and detection of BCSC. 

To test this prediction, the hypotheses was divided into sub-hypotheses i) it is possible to 

select and characterize novel DNA aptamers against BCSC; ii) it is possible to 

functionalize SS wires with aptamers binding to BCSC and capture them; iii) it is possible 

to functionalize optical fiber with model aptamers to develop a biosensor.  In this regard, 

research objective of this thesis was to develop aptamer-functionalized substrates which 

in the future could be used for BCSC isolation and detection. To achieve this objective, 

it has been divided into the following tasks: 

1. Select and characterize DNA aptamers against BCSC; 

2. Functionalize SS wire with aptamers specific to BCSC and capture them; 
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3. Functionalize optical fiber sensor with model aptamers for biosensor fabrication as a 

future platform.  

One of the tasks of this project was to select novel ligands (aptamers) against 

breast CSC, with their intrinsic advantageous properties over antibodies. Literature 

review showed that certain aptamers against proteins overexpressed in BCSC have been 

already isolated. However, their selection was performed by aiming at specific 

biomarkers such as CD44 (26), ABCG2 protein (27), CD133 (28) which were either used 

as purified proteins or were expressed recombinantly. Targets on selected aptamers could 

be several when whole cell-SELEX approach is used (16), as is in our case, thus aptamers 

against multiple targets could possibly be selected.  

Another novelty of this project is developing a substrate based on SS guidewire 

for its capability to analyze large blood volume and aptamers specific to BCSC to capture 

them. To the best of our knowledge, Gilupi hasn’t developed CellCollector™ to capture 

cancer cells with stem-cell like properties nor they have used aptamers as bioprobes. If 

shown to be successful, this would be the first metal wire coated with bioprobes for BCSC 

isolation (rather than EpCAM-based detection method).  

Optical fiber has been studied as a future platform for biosensor development 

using a well-characterized ligand-analyte model. The sensor is based on an etched fiber 

Bragg grating sensor functionalized using the same surface chemistry as SS wire.  

 

1.3. Structure of Thesis 

Together with Introduction and Conclusion, this Thesis is divided into five chapters each 

organized as a research article having the following sections: Abstract, Introduction, 

Materials and Methods, Results and Discussion; Conclusion. 

In Chapter 2, a review of literature pertaining Thesis topic is presented. Namely, 

the chapter is divided into six parts: BC; BCSC; Aptamer selection and their advantages; 

Surface modification of SS for biomedical applications; Optical fibers and their 

functionalization; Characterization of functionalized surfaces.    

In Chapter 3, we present a study done on in vitro selection of DNA aptamers 

against BCSC using SELEX. The process and the results of selection using fluorescence 

activated cell sorting (FACS) and sequencing of the final products are reported. In 
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addition, characterization of the selected aptamers using imaging flow cytometry is 

presented. 

In Chapter 4, work done towards surface modification of SS as a platform for 

detection of BCSC is described. This chapter describes functionalization of SS wire with 

3-aminopropyl)triethoxysilane (APTES), crosslinker and ligands against BCSC marker 

and its characterization by different techniques.  

Finally, in Chapter 5, we present additional opportunities for building a sensing 

platform for BCSC using the same surface chemistry as in SS. This is done by reporting 

a work on the fabrication of optical fiber biosensor using a well-recognised thrombin and 

thrombin binding aptamer as a model system. Sensor’s operation descriptions and 

experimental realization are presented in detail in this chapter. 

Thesis is then commenced with Limitations, Future perspectives and Overall 

conclusion sections which shows limitations of the work, proposes possible future 

directions as well as gives an overall conclusion of the work described in the above 

chapters. 

 

1.4. Role of collaborators 

Damira Kanayeva, Helena Azevedo, and Wynter Duncanson helped in critically 

reviewing and editing an article on surface modification of SS (29) which is partially 

included in Chapter 2 of this thesis. My contribution to this paper was in searching for 

relevant articles related to the topic, systematically organizing relevant studies, original 

draft preparation, and writing the final paper after the review of co-authors and journal 

reviewers. 

 In an article on functionalization of SS (30), conceptualization was done and 

resource were obtained by Aliya Bekmurzayeva and Damira Kanayeva; methodology 

developed by Aliya Bekmurzayeva, Enrico Marsili and Kanat Dukenbayev; validation 

and investigation was performed by Aliya Bekmurzayeva; writing—original draft 

preparation was done by Aliya Bekmurzayeva; writing—review and editing by all 

authors; visualization by Aliya Bekmurzayeva and Helena S. Azevedo; the work was 

supervised by Enrico Marsili, Helena S. Azevedo, Daniele Tosi and Damira Kanayeva; 

funding acquisition, by Aliya Bekmurzayeva, Daniele Tosi and Damira Kanayeva.  
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 For an article on etched fiber Bragg grating (EFBG) biosensor (31), 

conceptualization belongs to Aliya Bekmurzayeva, Madina Shaimerdenova, and Daniele 

Tosi. Design of methodology was done by Aliya Bekmurzayeva, Kanat Dukenbayev, 

Madina Shaimerdenova, and Daniele Tosi. Software-related works were performed by 

Carlo Molardi and Daniele Tosi. Experiments were performed and results validated by 

Aliya Bekmurzayeva, Madina Shaimerdenova, Kanat Dukenbayev, Takhmina Ayupova 

and Marzhan Sypabekova. Original manuscript was written by Aliya Bekmurzayeva, 

Kanat Dukenbayev and Ildar Bekniyazov; while reviewing and editing was done by Aliya 

Bekmurzayeva, Carlo Molardi and Daniele Tosi. The overall work was supervised, and 

funding acquired by Daniele Tosi.   

For an article on etched tilted fiber Bragg grating (ETFBG) (32) 

Conceptualization belongs to Marzhan Sypabekova and Daniele Tosi; Investigation was 

performed by Marzhan Sypabekova, Alvaro Gonzalez-Vila, Aliya Bekmurzayeva, 

Takhmina Ayupova and Madina Shaimerdenova. Formal analysis was performed by 

Marzhan Sypabekova, Sanzhar Korganbayev and Daniele Tosi; Data curation and 

Software related tasks were done by Sanzhar Korganbayev; Methodology was developed 

by Marzhan Sypabekova and Alvaro Gonzalez-Vila. Validation done by Marzhan 

Sypabekova. Writing - original draft was done by Marzhan Sypabekova; Writing - review 

& editing performed by Marzhan Sypabekova, Alvaro Gonzalez-Vila, Christophe 

Caucheteur and Daniele Tosi. Project administration was performed by Aliya 

Bekmurzayeva, Takhmina Ayupova and Madina Shaimerdenova. The overall work was 

supervised by Luca Vangelista, Christophe Caucheteur and Daniele Tosi; Funding 

acquired by Daniele Tosi. 

 

1.5. Funding  

1. State target program (Grant number 0111РК00364) from Science Committee of the 

Ministry of Education and Science (MES) of the Republic of Kazakhstan;  

2. PhD program state grant to Nazarbayev University from MES of the Republic of 

Kazakhstan; 
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3. Grant from the British Council and Newton – Al-Farabi Partnership Programme: 

Researcher Links Travel Grant (Grant number 216423762) for 6 months to Queen Mary 

University of London; 

4. ORAU programme at Nazarbayev University. LIFESTART project (Lab-in-a-fiber for 

smart thermo-haptic treatment of tumors).  

 

1.6. Thesis outputs 

The following works are the output of this thesis: 

 

Research articles: 

1. A. Bekmurzayeva, K. Dukenbayev, H.S. Azevedo, E. Marsili, D. Tosi, D. Kanayeva. 

Optimizing Silanization to Functionalize Stainless Steel Wire: Towards Breast Cancer 

Stem Cell Isolation. Materials (MDPI) 2020, 13(17). (SiteScore 3.5; Impact factor 3.057; 

Q2 in Material sciences (misc.)) (30) 

2. A. Bekmurzayeva, K. Dukenbayev, M. Shaimerdenova, I. Bekniyazov, T. Ayupova, 

M. Sypabekova, C. Molardi, D. Tosi. Etched Fiber Bragg Grating Biosensor 

Functionalized with Aptamers for Detection of Thrombin. Sensors 2018, 18(12). 

(SiteScore 3.72; Impact factor 3.031; Q2 in Medicine (misc.), Analytical chemistry, 

Electric and electronic engineering) (31). 

3. M. Sypabekova, S. Korganbayev, A. González-Vila, C. Caucheteur, M. 

Shaimerdenova, T. Ayupova, A. Bekmurzayeva, L. Vangelista, D. Tosi. Functionalized 

etched tilted fiber Bragg grating aptasensor for label-free protein detection. Biosensors 

and bioelectronics 2019, 149(15), 111765. (SiteScore 8.95; Impact factor 9.518; Q1 in 

Biomedical Engineering, Electrochemistry, Medicine (misc.)) (32). 

 

Review article: 

1. A. Bekmurzayeva, W.J. Duncanson, H.S. Azevedo, D. Kanayeva, Surface modification 

of stainless steel for biomedical applications: Revisiting a century-old material, Materials 
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(SiteScore 5.07; Impact factor 4.959; Q1 in Material science (misc.)) (29). 
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CHAPTER 2. LITERATURE REVIEW 

This chapter presents literature review on topics relevant for the Thesis.  It begins with a 

review of BC, its classification and diagnosis. Then it discusses BCSC and aptamers. This 

chapter also introduces SS and optical fiber as platforms used in biomedicine and their 

surface modification techniques and methods of surface analysis. 

Part of this Chapter (namely, subsection 2.4) was published as part of a review 

article in Materials Science & Engineering C-Materials for Biological Applications 

Journal (Elsevier) (29). My contribution to this paper was as follows: searching for 

relevant articles related to the topic, systematically organizing relevant studies, original 

draft preparation, and writing the final paper after the review of co-authors and journal 

reviewers.  

 

2.1. Breast cancer 

2.1.1. Breast cancer burden 

BC is the most common cancer in women in the world (33) comprising almost 30% of all 

cancer cases  with approximately a million cases annually (34). It accounted for 1.7 

million new cases in 2012 (35) and more than 2 million new cases in 2018  (2) (Figure 

2.1). BC incidence is in rise in all countries except few developed countries (35).  For the 

majority of countries (154 out of 185), BC is the most frequently diagnosed cancer type 

(2). Australia/New Zealand, Western Europe, Northern Europe, Northern America 

Southern Europe have the highest incidence rates of this disease (in descending order) 

(2).   
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Figure 2.1. Number of new cases (incidence) and deaths (mortality) for breast cancer in 

2018: data for both sexes and all ages. Source: International Agency for Research on 

Cancer (World Health Organization); GLOBOCAN. 

 

According to GLOBOCAN 2018 (Global Cancer Observatory; published by the 

International Agency for Research on Cancer) the estimated deaths due to BC is more 

than a 660,000 people making it the fifth in the mortality ranking (Figure 2.1) (2). Among 

females, BC is the most death-causing cancer type worldwide (2). In Kazakhstan, BC is 

the most prevalent form of cancer among women (36), with every fifth case accounting 

to BC (37). Annually, ca. 4,600 new cases and 1,300 deaths occur due to BC in 

Kazakhstan (37).  For more than hundred countries worldwide, BC is the leading cause 

of cancer-related deaths; exceptions are countries where lung cancer (Australia, New 

Zealand, Northern Europe, Northern America) or cervical cancer (many sub-Saharan 

countries) are the number one causes (2). Mortality is decreasing in many high-income 

countries but is rising in low- and middle-income countries (35). For approximately 90% 

of patients the initial treatment turns out effective leading to clinical remission (12). 

However, BC has high incidence of recurrence and treatment failure (38). Risk of 

recurrence is still high after about 5 years for these patients; and recurrent cancer is 

usually resistant to conventional therapies leading to poor survival rates of women with 

recurrent BC (12). 
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2.1.2. Classification of breast cancer 

Morphologically and genetically, BC is a heterogeneous disease (38) which displays 

different histological, clinical and molecular phenotypes (39). Survival (disease-free and 

overall), patient outcome, treatment to therapy, prognosis vary in different subtypes of 

BC (40). Several subtypes of BC are known based on histological characteristics and 

molecular profiles. Classification of BC subtypes according to phenotypic 

characterization is shown in Table 2.1.  Luminal A-like subtype is characterized by the 

expression of such biomarkers as estrogen receptor (ER), progesterone receptor (PR), and 

negative human epidermal growth factor receptor 2 (HER2) and clearly low Ki-67 

(protein encoded by MKI67 gene) making it ER+, PR+, HER2- and Ki-67low; while 

Luminal B-like is ER+, PR+/-, HER2+/- and Ki-67high. HER2-like subtype of BC is 

characterized by the absence of ER, PR and presence of HER2 (ER-, PR-, HER2+); TN 

subtype is negative to three receptors (ER-, PR-, HER2-); while  basal-like BC is 

characterized by ER-, PR-, CK5+ (cytokeratin), CK6+, CK14+, CK17+, EGFR+; Claudin-

low subtype has a low expression of Claudin 3, 4, 7 and e-cadherin and is also negative 

to three receptors as TN subtype; normal-like BC does not have clear phenotype (no 

homogenous identification) (41, 42). Luminal A subtype represents approximately 50-

60% of all cases and has good prognosis and low relapse rates; while Luminal B subtype 

is 15-20% and has higher recurrence rate and lower survival rates than Luminal A (43). 

In general, luminal subtypes have a better prognosis and respond to endocrine therapy 

(44). HER2-like BC has a poor prognosis but responds well to chemotherapy with anti-

HER2 agents such as monoclonal antibodies (44). TN BC also accounts to 15-20% of all 

BC cases but does not have an FDA-approved targeted treatment (45). 
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Table 2.1. Classification of BC subtypes according to phenotypic characterization. 

Table based on (40, 42). Main phenotypes are shown for each subtype. “+” means 

expressing/overexpressing; “-“ means no expression. ER –estrogen receptor; PR – 

progesterone receptor; HER2 – human epidermal growth factor receptor 2; Ki-67 - 

protein encoded by MKI67 gene; CK – cytokeratin.  

 

2.1.3. Diagnosis of BC 

BC is usually detected in one of the two ways: screening program or a symptom as pain 

or palpable mass in breast (46). Diagnosis of BC include such methods as magnetic 

resonance imaging (MRI), mammography, molecular breast imaging, breast biopsy, 

HER-2/neu detection assay, blood-based assays (serum biomarkers, cells, nucleic acids, 

autoantibodies) (33).  

In mammography, breast is imaged using low doses of X-ray (47). While 

remaining a standard tool for BC screening, its performance depends on the density of 

breast tissue (48). Thus sensitivity of mammography decreases in cases of 

dense/heterogeneously dense breast tissues (33, 48). Full-field digital mammography 

when X-rays are converted into mammographical pictures of the breast, can be used to 

alleviate the effect of experience of the radiologists which affect accuracy and sensitivity 

of mammography as a diagnostic tool (49). Current screening includes physical 

examination and mammography which however has not enough sensitivity and 
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specificity. Thus sensitivity of 54-77% were reported for mammography depending on 

the type of procedure performed (34). Breast biopsy with concurrent histopathological 

and immunohistochemical analysis is considered a gold standard tool. However, this is 

an invasive procedure which can also be fatal in some cases (34). Ultrasound has been 

used as a complimentary tool for BC diagnosis. However, it increases false-positive 

results since benign tumors are detected mostly and requires further biopsy (50). MRI is 

considered to be more sensitive than mammography especially in cases of dense breast 

tissues because MRI detects malignancy depending on increased vascularity of BC (48). 

Although MRI can be used to avoid unnecessary biopsies by providing more evidence 

than other imaging techniques (51), its disadvantages include high cost of the test, limited 

availability and false positive rate of MRI (52). Positron emission tomography with 

computer tomography (PET/CT) is a powerful tool for determining presence of BC, its 

stages, recurrence and response to therapy depending on the radiopharmaceutical used  

(53). However, the technique is very expensive and cannot be used to find lesions of less 

than 1 cm in size (54); and it is shown to be not beneficial for patients with early stage 

disease (at least in case when fluorodeoxyglucose is used) (55). 

Early diagnosis of BC is considered to be the most important strategy to reduce 

mortality and improve survival rate at present (33). Early diagnosis also entails alleviation 

of treatment as seen by smaller surgeries and reduced use of chemo- or radiotherapy 

agents (34). Convenient and accurate identification methods of women potentially having 

this disease have to be developed in order to detect breast carcinoma early (34). Mortality 

due to BC was reduced in Europe because of BC screening: by 25-31% for patients 

invited to screening and by 38-48% for women screened in between 1990 and 2010 (56). 

Alternative ways of diagnosis are being studied to improve early detection of the 

disease because widely used methods are relatively complex, hard to access and have 

high cost (34). Moreover, they cause discomfort and pain to patients while being not 

sufficiently accurate. Improving methods of diagnosis or combining them, developing 

novel more effective, comfortable and non-invasive tools is underway (33). By using 

molecular diagnostic tools with conventional methods of diagnostics (ultrasound and 

MRI), it could be possible to tackle the issue of overdiagnosis of BC by these techniques 

(33). Learning more about the association of sonographic characteristics and molecular 
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markers and developing novel contrast agents could improve the performance of 

ultrasound as a molecular diagnostic tool (50). In PET/CT, developing 

radiopharmaceuticals with improved specificity to differentiate processes occurring 

during BC could enable improving early diagnosis of BC and developing personalized 

therapy (53).   

BC biomarkers can be used as useful tools in BC diagnosis. They can be grouped 

into prognostic, therapeutic, and diagnostic biomarkers. Diagnostic biomarkers include 

such glycoproteins as HER2 and carcinoembryonic antigen (CEA), genes as BRCA1, 

micro RNAs as miR-21, miR-155 and miR-222 (57). A number of molecular tests for BC 

diagnosis and treatment are available (41). Since there is no panel of biomarkers which 

is considered to be the most appropriate and genetic profiling (to test multiple genes at 

once) is expensive and not available in many clinics, immunohistochemical analysis of 

such receptors a ER, PR and HER2 are more commonly used (40). After testing for the 

presence of the three main biomarkers (ER, PR and HER2) and clinical results such as 

stage of BC, tumor grade, lymph node involvement specific recommendations for further 

treatment and additional testing are given (41). In addition to the three common 

biomarkers and clinical results mentioned above, the following biomarkers identified in 

tumor tissue or serum have a potential to be used to determine severity of BC: urokinase-

type plasminogen activator, plasminogen activator inhibitor 1, CA15-3, CA 27.29, CEA, 

Ki67, cyclin E, cathepsin D, and CTC (41). To be included in mass screening, biomarkers 

must be detected from biological fluid in a minimally invasive procedure and must be 

present in a sufficient level there (58).  

 

2.2. Breast cancer stem cells (BCSC) 

2.2.1. Characteristics and role of BCSC in BC 

One of the hypothesis that explains relapse and recurrence of BCSC is a “Cancer stem 

cell” hypothesis (59). CSC are a subpopulation in cancer cells which (as normal stem 

cells) have ability to self-renew and differentiate. Thus they are both a source of tumor 

propagation and heterogeneity in cancer cells  (4, 5). Despite its name being CSC, they 

are not necessarily derived from normal stem cells. The term is based on its following 

characteristics: tumor initiation in immunocompromised mice, tumor formation in 
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secondary mice (i.e. self-renewal) and forming bulk of tumor (i.e. differentiate into non-

self renewing cells) (60). Characteristics of BCSC are shown in Figure 2.2. and will be 

discussed in detail later. While some researchers find CSC more appropriate to a term 

“tumor-initiating cell” (TIC) because the latter does not show its capability to 

differentiate (5), others regard TIC as a more convenient term given CSC’s ability to 

initiate cancer in model organisms and being a less confusing term than CSC (60).  

 
Figure 2.2. Characteristics of breast cancer stem cells. Figure drawn using BioRender 

platform. 

 

In the middle of nineteenth century R. Virchow suggested a possible relationship 

between tissue teratocarcinomas and fetus. In 1994, cancer cells with stem-cell like 

properties in acute myeloid leukemia patients were first identified (4). Their existence in 

solid cancers was debated (60) until it was firstly discovered in BC by Al-Hajj (7) in 2003 
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where a subpopulation of tumor cells had the ability to form tumors in NOD/SCID mice. 

To date, they have been identified in many human cancer types including breast, brain, 

colorectal, head and neck, liver, ovarian, prostate, skin (4). These isolated BCSC had such 

surface markers as CD44+/CD24-/low and few hundred of these cells were capable of 

initiating tumor in NOD/SCID mice (compared to tens of thousands of cells with other 

phenotype) (7). Later, cells with tumor initiating properties were also isolated from BC 

lesions and cell lines (MCF7 cells) also had CD44+/CD24- with additional Cx43- (8). The 

number of cells with CD44+/CD24- phenotype were able to form tumors in 

immunocompromised mice was found to be as low as 1000 as opposed to million cells in 

control cells (MCF7 cell line). They were also shown to express putative stem cell marker 

Oct-4 (8). When different BC cell lines were examined, five out of thirteen of them had 

cells characterized as CD44+/CD24-. These cells had higher expression of genes involved 

in cancer invasion (9). BCSC are able to form mammospheres which were identified to 

be early progenitor cells or stem cells capable of differentiation into mammary epithelial 

cells (61). Later clinical studies showed that cells remaining after endocrine and 

chemotherapy (i.e. tumor initiating cells or CSC) had characteristics of both 

mesenchymal and epithelial cells. For this, two types of methods for selecting cells with 

tumor initiating abilities were utilized, namely mammosphere formation and FACS by 

CD44+/CD24-. Among other subtypes of BC studied, they were more enriched in claudin-

low subtype which has many genes associated with epithelial to mesenchymal transition 

(EMT). Gene expression profiling of selected cells was compared with control cells 

before and after treatments (endocrine and chemotherapy) and revealed to gene signatures 

related to CD44+/CD24-/mammosphere forming cells and claudin-low subtype (59). 

Apart from CD44+/CD24-, a number of other BCSC related biomarkers were 

discovered for BCSC. Aldehyde dehydrogenase 1 is an enzyme involved in metabolism 

of substances important for maintenance and differentiation of normal stem cells and CSC 

(62). Other cell surface markers expressed in BCSC are ABCG2 (ATP-binding cassette 

G2) which is involved in drug efflux, CD10 (overexpressed in other tumors), EpCAM, 

epithelial surface antigen (ESA), CD133 (also expressed in other CSC), CXCR4 

(metastasis; present in mammospheres), CD29 (cell adhesion and metastasis), CD49f 

(candidate stem cell marker), estrogen (expressed in many types of mammary cells: BC, 
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progenitor, BCSC) (63). Among studied phenotypes (CD44+/CD24-/low, ALDH1+ and 

ALDH1+CD44+/CD24-/low), cells with a ALDH1+CD44+/CD24‑/low phenotype had 

superior self‑renewal, proliferation and invasion abilities (64). Further investigation of 

the roles these cells play in cancer biology, revealed that CD44+/CD24- are more 

important in tumorigenesis (proved by xenotransplantation in mice) and cell proliferation 

(mammosphere assay); while cells with CD44+/CD24- are crucial for cell migration and 

metastasis (65). Putting together the results of several studies, it was concluded that 

combination of well selected biomarkers can be beneficial in selecting more BCSC. This 

combination being CD44+/CD24-/low phenotypes within cells with EpCAM+/CD49f+ 

(66). Novel molecular links connecting normal stem cells with BCSC are also being 

discovered  (67). It is noteworthy mentioning that molecular subtypes of BC vary in terms 

of phenotype and frequency of BCSC. This could be one of the explanations of the 

observed difference in relapse, metastasis, and response to therapy among different 

subtypes of this disease. The following association have been revealed: BCSC with 

CD44+/CD24- are more present in claudin-low and basal-like BC; ALDH-1 expressing 

BCSC predominantly found in HER2 type while luminal BC (both A and B) have cells 

with more of non-BCSC phenotype (more differentiated cells) with lower number of cells 

with CD44+/CD24- and ALDH1 phenotypes (68). 

BCSC are shown to be resistant to chemo- and radiotherapy and metastasis. BCSC 

are much more enriched in BC cell lines and human tissues which are chemo- and 

radioresistant (69). A large number of studies demonstrated the enrichment of BCSC after 

chemo- or radiotherapy which suggest their association in recurrence and resistance to 

these conventional treatment methods (68). Different chemotherapeutic agents showed to 

enrich different subpopulations of tumorigenic cells with stem-cell like properties in a 

number of studies (70). This is attributed to a number of properties that these cells 

possess. Thus they have an increased DNA repair capability (62). ALDH inhibitor 

suppressed the growth of BCSC in vitro and inhibited metastasis of these cells to the lung 

in mice (71).  One of the drug efflux proteins which is important in building 

chemoresistance, ABCG2 (BC resistance protein), is overexpressed in some BCSC (69). 

According to CSC theory of cancer, BCSC are the main initiators and drivers of tumor 

growth. BCSC have increased ability to move and invade, overexpress genes involved in 
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metastasis. Their role in initiating metastasis has been well documented by many studies 

where BCSC caused metastasis (70). Li et al (65) studied expression of cellular markers 

in various cell lines and investigated their role in cancer biology both in vitro and in vivo. 

They showed that high ratio of CD44+/CD24- was more indicative of tumor proliferation 

and tumorigenesis, while high ration of ALDH1+ is associated with cell migration and 

metastasis. 

 

2.2.2. Isolation and purification of CSC 

Isolation and purification of CSC is based on one or more of their characteristics and 

include the following (72): sphere formation in cultures, membrane efflux, surface 

markers, enzymatic activity, tumor initiating ability in immunocompromised mice. Thus 

CSC ability to exclude drug is used in labeling with Hoechst dye which has low 

specificity, lack of purity and does not label the entire stem cell cohort. Specific 

enzymatic activity of CSC is used in Aldehyde dehydrogenase assay and FACS and is 

more stable compared to surface markers but has low specificity. A gold standard test of 

proving that cells are CSC is xenotransplantation into NOD/SCID mice, which is able to 

detect a single immature stem cell with increased tumorogenicity. However, this method 

is not time- and cost-effective and host factors might affect its performance (11). 

Moreover, these animals do not have the same growth factor/cytokine signals as humans 

and they lack immune cells (60). Magnetic nanoparticles covered with antibodies against 

surface markers specific to CSC are used in magnetic-assisted cell sorting which is a fast 

and easy method of separation of these cells. FACS, which uses specific surface markers 

and enzymatic activity, offers an efficient multi-parametric separation. However it has 

high cost, requires trained technicians, might have low viability of sorted cells (11).   

CTC are cells with tumor initiating abilities found in blood circulation. CTC are 

more extensively studied in BC than in other cancers. CTC count in metastatic BC has a 

strong clinical evidence as a prognostic biomarker to study dynamics of the disease (73). 

Relationship of CSC with CTC is not always straightforward. CTC are shed from tumors 

and can be found in blood. These cells offer to be a good candidate to serve as a “liquid 

biopsy”. However the main drawback is their rarity in the blood: ranging from 0 to 10000 

CTC per ml. Strong correlation of finding CTC in 7.5 ml of blood with progression free 
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and overall survival of patients with breast, colon and prostate cancer (74).  A small 

portion of these CTC are thought to be circulating CSC (6) 

The importance of CSC isolated from CTC in patients with BC is increasingly 

reported. Isolation of cells with mesenchymal properties and BCSC-like properties was 

found to be more relevant for the prediction of BC than counting CTC in blood alone 

(75). It has been shown that in EMT and CSC are directly linked and that EMT is 

responsible for generation of CSC in BC (76). Theodoropoulos et al (77) isolated cells 

with stem cell-like properties from cytokeratin-positive CTC of patients with metastatic 

BC. By analyzing CTC from BC by molecular assays and imaging techniques, it was 

possible to show that CTC express such CSC-like markers as CD44, ALDH1 and lack of 

CD24 (78). A number of other studies also isolated CSC from CTC of metastatic BC 

patients and other markers were revealed: CD47 (involved in inhibition of phagocytosis 

and cancer evasion) and MET (involved in activation of migration and invasion). These 

cells isolated from primary human luminal BC CTC were cells with tumor initiating 

properties and expressed EPCAM+CD44+CD47+MET+ (i.e. similar to BCSC) (79). While 

the bulk CTC from which these cells were isolated had a low efficiency in initiating tumor 

in xenograft model, enriched cells were more efficient. These cells were associated with 

lower overall survival and more metastatic sites in animal model used. Another research 

studied cells for their expression of EMT transcriptional factors and CSC-like properties 

in patients with metastatic HER2+ BC (80). They demonstrated that CTC which 

undergone EMT are present in those people which were CTC-negative using 

CellSearch™ system. Although there was no association of EMT gene expression with 

CSC like properties, their other findings support Cheffer’s theory of metastatic cascade 

which states that CTC are plastic cells and can develop both to stem- and non-stem cell 

populations. Another study also revealed a population of cells having EMT (fibronectin 

and vimentin) and CSC-like (ALDH1) properties among CTC. Thus this study focused 

on detection of cells from CTC not based on commonly used EpCAM marker (81). All 

these studies suggest that using CTC with CSC characteristics rather than CTC alone is 

more relevant for BC in terms of its development, progression and outcomes; further 

large-scale clinical trials are needed to confirm their role in disease prognosis and 

prognosis (76). Multiparametric flow cytometry  (staining cells with CD45 (to eliminate 
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leukocytes), EpCAM, CD44, CD24, CK-8, CK-18, CK-19 antibodies) revealed that cells 

with stem cell-like properties were more present in patients with stages III and IV than 

with I and II thus suggesting their possible role in early detection of BC as a guide to 

therapy and a prognostic tool (82).  

Compared to CSC, detection and isolation of CTC have been studied more to 

develop different assays including portable ones. CTC isolation and enrichment methods 

include such approaches density-gradient centrifugation, immunomagnetic separation 

(antibodies on magnetic nanoparticles), microfluidic platforms and filtration devices (78). 

Many of antibody-based tests are based on surface markers, especially EpCAM. CTC 

Chip technology is microfluidic platform coated with EpCAM antibodies using 

unprocessed peripheral blood. It was specifically designed to have controlled conditions 

(laminar flow through microposts) where cells would encounter antibodies that capture 

them (83). Using fluorescently labeled EpCAM and HER2 antibodies and integrating 

optical fibers in the microfluidic system, Pedrol et al designed a device for BC detection 

of blood (84). However, due to EMT where carcinoma cells acquire characteristics of 

mesenchymal cells (e.g. motility, lack of cell polarity and ability to invade), expression 

of epithelial markers such as EpCAM can be downregulated (73). Although most of BC 

subtypes were efficiently isolated using EpCAM (85). In order to test their clinical use, it 

is important to have quality control, standardized CTC detection and characterization 

methodologies (78). BC CTC detection and molecular characterization include imaging-

based approaches (using labeled antibodies against cell surface markers) and molecular 

assays to detect nucleic acids (78) CellSearch™ is based on EpCAM antibodies which is 

designed to sample CTC in 7.5 ml of blood; it is the only test  approved by FDA for CTC 

quantification (86). Using CellSearch™ to detect CTC in metastatic BC patients allowed 

classifying patients ino risk groups (87).  Presence of five or more CTC in the blood (7.5 

ml is drawn, and cells analyzed using CellSpotter™) of patients diagnosed with 

metastatic BC before initiating any therapy is associated with short overall and progress-

free survival. Moreover, presence of the cells in 3-4 weeks after therapy initiation and 

during restaging is also correlated with prognosis  (88). However, images obtained from 

CellSearch™ can be interpreted subjectively and no further analysis of cells is possible 

(89). First in vivo device for CTC isolation that is aimed to overcome the issue of blood 



45 
 

volume was developed by Gilupi GMBH (www.gilupi.de). Their CellCollector™ device 

is based on a medical guidewire. A guidewire is a device widely used in medicine to 

facilitate the delivery of catheters, stents and other interventional devices for diagnostic 

and therapeutic purposes. CellCollector™ guidewire is covered with EpCAM antibodies 

to capture CTC and enables their further downstream analysis such as 

immunofluorescence analysis, mutation analysis, fluorescence in situ hybridization, ex 

vivo cell culturing. Surface of SS is covered with gold and hydrogel for covalent 

immobilization of antibodies. CellCollector™ has been compared with FDA approved 

CellSearch™ and showed higher sensitivity for BC: 74% compared to 12%, and high 

precision (linear regression, r^2 = 0.96)  (22). Furthermore, Gilupi™ provides customized 

CellCollector™ functionalized with an antibody of interest. To the best of our knowledge, 

Gilupi™ hasn’t developed CellCollector™ against CSC yet (but they are planning to do 

so) and they use only antibodies as bioprobes. Real-time PCR is another assay which can 

be used to amplify cytokeratin genes from breast CTC. However, this requires 

preliminary enrichment of CTC and RNA extraction which on their own have drawbacks 

(90).    

One of our assumptions is that using BCSC as target cells and BC cells and breast 

epithelial cells as control cells during selection of bioreceptors, one is able to find 

molecules which bind to cell surface biomolecules that are different from non-CSC. 

These aptamers then potentially can be used to isolate BCSC from the blood stream by 

using guidewire similar to Gilupi™. The lack of an effective molecular contrast agents to 

be used in early diagnosis, cell migration tracking and monitoring treatment of BC is the 

major bottleneck in detection of BC in early stages (91). As stated above, BCSC are 

characterized by such phenotype as CD24-/CD44+, however this means the need in more 

than one antibody to select for these cells. Moreover, antibodies have inherent 

disadvantages as detection agents (12). Molecules able to specifically and sensitively 

detect biomarkers on pathogenic cells is very important for diagnosis of diseases (92). 

These new molecular probes could be aptamers. Selecting new aptamers targeting BCSC 

could be a promising instrument to better understand the biology of BCSC; moreover 

these new ligands could be used as probes in imaging and diagnostics, cargo molecule 

during therapy (12).  
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2.3. Aptamers  

2.3.1. Aptamers: selection and advantages 

Aptamers (from Latin “aptus” – fit (93)) are short single-stranded oligonucleotides (both 

DNA and RNA) or peptides that are selected in vitro to bind their target with high affinity 

and specificity (13, 14, 94). Short RNA molecules were first selected in 1990 by Tuerk 

and Gold to bind bacteriophage T4 DNA polymerase from a pool of molecules (95). They 

termed the process of selection SELEX. Independently, another group of scientists almost 

at the same time published similar process of selection of specific RNA molecules against 

organic dyes (Cibacron Blue and Reactive Blue 4) and called these molecules aptamers 

(96). This way, both new ligands and the method of their selection were introduced. 

Since their first selection, aptamers not only of RNA origin but also of DNA and 

peptide nature were selected against a range of targets. To date aptamers have been 

selected against targets that include metal ions (97), small organic/inorganic molecules 

(ATP (98), cocaine (99), amino acids (100, 101)), a variety of proteins (proteins secreted 

by bacteria (94, 102, 103), clinically important proteins (104-106)), peptides (107), 

polysaccharides (108), viruses and virus particles (109, 110), whole cells (16, 18, 111, 

112), and even tissues (15, 113). They bind their target with high affinity: often with a 

dissociation constant ranging from nanomolar to picomolar range (114). Aptamers fold 

into certain structures such as pseudoknots, hairpins and quadruplex (113). They are 

capable of binding to target molecules with high selectivity (14). In fact, they can 

distinguish between closely related compounds such as theophylline and caffeine (15). In 

case of proteins, epitopes targeted by the selected aptamers, can be a structured epitope 

and even a denatured peptide (113). 

SELEX procedure is characterized by the repetition of several steps. It includes 

three main stages: incubation of a random library with the target; separation of bound 

aptamers from unbound ones; amplification of bound sequences using PCR (113). For 

selection of DNA aptamers, random ssDNA library synthesized to have a central 

randomized region flanked with known sequences of primers from both sides is used 

(115). The length of random region widely used ranges from 20 to 60 nucleotides (nt). 

The known sequences are necessary for the amplification of oligonucleotides for further 

steps (113). Library with a random region of 40 nt theoretically should contain 1.2×1024 
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individual sequences (440). In reality, this number is limited by the synthesis itself. Initial 

library is incubated with the target of choice. For instance, solid-phase DNA synthesis 

with a synthesis scale of 1 µmole will result in 1014-1015 individual sequences (93). 

Methods of partition of bound sequences from unbound ones are different: nitrocellulose 

membrane  (111), biotin/streptavidin affinity, FACS (116), capillary electrophoresis 

(117), centrifugation and others. After separation, bound species are amplified with PCR 

and ssDNA is generated using different methods including denaturing polyacrylamide 

gels, assymetric PCR, lambda exonuclease digestion, magnetic affinity columns (118). 

These sequences are then subjected to another round of selection until high-binding 

aptamers are enriched. 

Although the basic principles of SELEX did not change (119), different 

modifications of SELEX are known (15) including SELEX with libraries based on 

genomic sequences (genomic SELEX), free of fixed sequences (tailored SELEX), using 

several targets (toggle SELEX for aptamers with broad specificity) and etc. (113). In 

some cases library with modified nucleotides can be used to select aptamers against 

certain classes of target (hydrophobic targets), to increase their resistance to nucleases or 

to  (93). Recent advancements in SELEX include use of bioinformatics tools such as 

Apta-LoopEnc. It is a nucleic acid encoding strategy developed to find aptamers with 

superior performance among aptamer candidates and assist in the design and optimization 

of new sequences in SELEX (120). Automated SELEX and single-round selection (using 

capillary electrophoresis) are also available (119). One of the variations of SELEX is in 

situ tissue slide-based SELEX (121). Another type of SELEX combines cell-SELEX with 

3D culture systems that mimic tissue environment in vitro. Aptamers selected this way 

considered to have a similar response in vivo (122). 

Aptamers have qualities that can overcome some disadvantages of antibodies. For 

example, aptamers are synthesized in vitro from a library that contains large numbers of 

random sequences. This alleviates use of animals during the selection process compared 

to antibodies (102). Their properties can be changed on demand: aptamers that can bind 

their targets in harsh environments (different pH and temperatures) can be selected. 

Aptamers can be selected against non-immunogenic or toxic targets (93). Production of 

selected aptamers is done by chemical synthesis and thus they have less batch to batch 



48 
 

variation and are more pure (114). Furthermore, they can be massively synthesized once 

selected in a reproducible way (123). Aptamer synthesis is more cost-effective than 

production of antibodies. Aptamers made from nucleic acids are more stable than 

antibodies and they can be kept in ambient temperatures.  In addition, they are smaller in 

size and their affinities are not affected by labelling (124-126). Different modifications 

during their production are used for increased stability, bioavailability and 

immobilization in diagnostic assays (114). 

 

2.3.2. Aptamers against cells (Cell-SELEX) 

A wide variety of aptamers have been generated by SELEX, mostly targeting highly 

purified molecules (127). On the contrary, recent development of cell-based SELEX 

procedures enables the isolation of aptamers against cell surface molecules of unknown 

identity or proteins inappropriate for purification in fully active conformations  The main 

advantages of using cell-SELEX are as follows: aptamers specific to target cells can be 

selected without prior knowledge of molecular changes associated with a particular type 

of cancer, there is no need in purification of the target protein, cell surface proteins are in 

their native structure, aptamers can be selected against post-translationally modified 

proteins. Moreover, there is a possibility of discovering a new biomarker associated with 

cancer (128, 129).  

Because of the abovementioned properties aptamers are used in areas that include 

functional studies of proteins, therapeutics, diagnostics and biosensing (14, 113, 123).  

Numerous research suggests that by selecting internalized surface markers on cancer cells 

it is possible to select aptamers which are able to target cancer cells and use them as a 

delivery agents (130). Aptamers targeting cells have a potential to be used as efficient 

probes for cell isolation and imaging in vivo. Aptamers are being selected for use in 

biosensing mainly (in addition to be selected against almost any target) because they can 

be selected and used under any pre-defined conditions and they can be easily immobilized 

to obtain a custom-made surface. Coupling the change in shape of aptamers upon binding 

to the target with different signalling mechanisms can be utilized in the event of molecular 

recognition (125). Human pluripotent stem cells with more than 97% purity were 

obtained from a cell mixture (~20% of target cells) using aptamer-based assay (131). 



49 
 

Aptamers were also used as a probe to rapidly and effectively isolate adult mesenchymal 

stem cells from porcine bone marrow in FACS (132). Another aptamer has also a 

promising use as a FACS reagent in isolating cells (c-kit-positive) from bone marrow 

cells (133). To elucidate the eligibility of using antibody-based therapy against CD30 

positive lymphoma, aptamers (first RNA-based and later DNA based) against this 

biomarker were used in an in vivo setting to image tumor tissues (134). They were able 

to bind tumors expressing CD-30 and not bind to CD30-negative tumor tissues. Aptamers 

against gliosarcoma cells were successfully used to stain tissues (135) and liver cancer 

cells from tissues (136).  

 

2.3.3. Aptamers against cancer cells 

To date a range of aptamers have been selected against a number of cancer cells including 

brain, gastric, kidney, ovarian, cervical and BC cells as shown in Table 2.2. Together 

with anti-tumor effect, some selected aptamers can increase sensitivity to therapy. U2 

aptamer against EGFRvIII overexpressing glioblastoma cells improved sensitivity to 

radiotherapy of cells in vitro (137). One fluorescently labeled aptamer was shown to 

successfully stain frozen xenograft tissues; and able to distinguish various liver carcinoma 

subtypes (138). Some selected aptamers were even used in in vivo settings. Thus 

glioblastoma cells with high expression of EGFRvIII were imaged with the selected 

aptamer in mice (139). Radio-labeled aptamers were able to cross blood-brain barrier. 

Another aptamer was able to recognize its target in a complex mixture of normal bone 

marrow aspirates (140). Capillary column was immobilized with aptamers to capture liver 

CTC with 70% capturing efficiency (141). 

Performing SELEX against cancer cells requires taking into consideration more 

factors than when selecting aptamers against proteins. The use of control cells during 

selection is important to select aptamers which can differentiate target cells from closely 

related cells (139). Cells used as controls in counter selection include normal cells or low- 

or non-metastatic cancer cells (135, 136, 142, 143), cells not expressing a protein of 

interest (133, 139, 144) or cells from another cancer type (145, 146). Dissociation 

constants of aptamer-cell complexes are usually determined using FACS where 

dependency of intensity of specific binding on concentration of aptamers is calculated 
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(143, 147, 148). In some cases, aptamers bound to cells are quantified by qPCR and 

dissociation constant is calculated by non-linear regression analysis (149). Increasing the 

stringency of selection can be done in a number of ways as shown in Table 2.3. They can 

be grouped into several groups: conditions related to cells (number of target and control 

cells) (133, 150), DNA (139, 143), washes (146, 150, 151), incubation of oligonucleotides 

with cells (139, 143, 150) and blocking agents (139, 146, 150). Usually library is 

incubated with cells either at 4°C or 37°C. Cooler temperature is used to reduce 

metabolism of the cells to avoid fluctuation in cell surface marker representation. 

However, this has a risk of selecting aptamers that would bind only at this temperature 

and not in physiological conditions; to avoid this 37°C can be used but the incubation 

time should be minimized (116). Moreover, aptamers enriched at physiological 

conditions can be lost by possible endocytosis (143).  Interestingly though, some studies 

(135, 140, 143, 151, 152) showed that binding of the selected aptamers was not affected 

by the temperature of 37°C even when the selection was done at 4°C. 

 
Aptamer 
(random 

region length, 
Kd) 

Target cell  
(cell line) 

# of 
rounds 

Negative control/counter 
selection used 

Reference 

Brain cancer 
40 nt 

3.37-16.78nM 
Glioblastoma cells 

(U87MG) with 
EGFRvIII 

overexpression 

11 U87MG– starting from the 
fourth round 

(139) 

45 nt 
21-97 nM 

 

Gliosarcoma cells 
(K308) 

16 Normal human brain astroglia 
cell line (SVGp12) – starting 

from the third round 

(135) 

Lung cancer 
35 nt 

97-157 nM 
Small cell lung cancer 

(NCI-H69) 
25 Non-small cell lung cancer 

(NCIH661) 
(145) 

     

Leukemia/lymphoma 
52 nt 

0.8-229 nM 
T cell acute 

lymphoblastic leukemia 
(CCRF-CEM) 

20 B cell line from human 
Burkitt’s lymphoma (Ramos) 

(146) 

45 nt 
4.5-256 nM 

Acute myeloid 
leukemia cells (HL60) 

15 Acute myeloid leukemia cells 
(NB4) 

(140) 

49 nt Burkitt’s lymphoma B 
cells (CD19+) 

10 Leukemic T cell 
lymphoblasts 

(116) 

29 nt 
12.21 nM 

 

Lymphoblastoma 
overexpressing murine 

6 Lymphoblastoma (BJAB) – 
from round 2 

(133) 
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Aptamer 
(random 

region length, 
Kd) 

Target cell  
(cell line) 

# of 
rounds 

Negative control/counter 
selection used 

Reference 

c-kit receptor (BJAB-c-
kit) 

49 nt 
49.6nM 

Burkitt lymphoma B 
cells 

10 
Using 
FACS 

NS (153)  

Liver cancer 
45 nt 

4.51-157 
 

Mouse liver hepatoma 
(BNL 1ME A.7R.1) 

20 Normal mouse liver cells 
(BNL CL2) 

(136) 

25 nt 
64-349nM 

Human hepatoma cell 
(HepG2) 

19 Normal liver cells (THLE-2) 
from the third round 

(151) 

50 nt 
19-450 nM 

Human hepatoma 
(HepG2) 

12 Human normal hepatocyte 
cells 

(154) 

1.47-16.44 
NS 

Liver carcinoma cells 
(SMMC-7721)  

13 (HepG2)-from fourth round (155)  

40 nt 
167.3-

369.7nM 

HCCLM9 (high 
metastatic properties) 

10 MHCC97L (low metastatic 
properties) 

(142) 

Gastric cancer 
52 nt 

 
Gastric cancer cells 

(AGS) 
12 Human normal gastric 

epithelial cells (GES-1) 
(156) 

40 nt 
5.22-73.90 nM 

Gastric cancer cells 
(HGC-27) 

19 Human normal gastric 
epithelial cells (GES-1) 

(157)  

Ovarian/Cervical cancer 
40 nt 

0.25-132nM 
Ovarian cancer cells 

(TOV-21G and CAOV-
3) 

22 Cervical cancer cells (HeLa) (158)  

20 nt 
365.3-

505.7nM 

Ovarian cancer cells 
(CAOV-3) 

15 Nonmalignant ovarian 
epithelial (HOSE 6-3) 

(159) 

52 nt 
 

Human papillomavirus-
transformed HeLa 

cervical carcinoma cells 

18 Non-tumorigenic revertants 
of HeLa cells 

(160) 

Kidney cancer 
40 nt 

26.6-107.7 nM 
 

Renal cell carcinoma 
cells (786-)  

12 Embryonic kidney cells 
(293T) 

(150) 

Colorectal 

40 nt 
5.9-138.2nM 

Metastatic colorectal 
cancer cells (LoVo) 

14 Non-metastatic colorectal 
carcinoma cells (SW480) 

(147) 

45 nt 
8.1 nM 

Metastatic colorectal 
cancer cells (LoVo) 

22 Non-metastatic cells (HCT-8) (143) 

Breast cancer 
40 nt 
NS 

Breast cancer cell line 
(MCF-10TA1) 

NS Non-cancer cell line (MCF-
10AT1) 

(161)  
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Aptamer 
(random 

region length, 
Kd) 

Target cell  
(cell line) 

# of 
rounds 

Negative control/counter 
selection used 

Reference 

45 nt 
2.6-108 nM 

Metastatic breast cancer 
cells (MDA-MB-231 

cell line) 

15 Normal breast epithelium 
cells (MCF-10A) 

(162) 

45 nt 
19.36-

30.49nM 

Mammospheres from 
MCF7 cells 

13 Normal epithelium cells 
(MCF-10A) and MCF-7 cells 

treated with Salinomycin 

(163) 

NS 
 

Human HER2-
overexpressing breast 
cancer cells (SK-BR3) 

16 Human HER2 negative breast 
cancer cells (MDA-MB468) 

(144) 

40 nt 
94.6nM 

Human HER2-
overexpressing breast 
cancer cells (SK-BR3) 

20 Human HER2 negative breast 
cancer cells (MDA-MB231) 

(149) 

60 nt Baby hamster kidney 
(BHK) cells expressing 

ABCG2 (transfected 
cell line)  

15 BHK cells  (27) 

60 nt BCSC from MCF-7 and 
MDA-MB-231, by 
Aldefluorassay kit 

15 MCF-7 cells (27) 

40 nt 
ND 

13 samples of 
postoperative breast 
tumor tissues from 
different patients 

11 Benign tumor tissue, adjacent 
healthy tissues, breast tissues 
from mastopathy patients, and 
also tissues of other types of 

malignant tumors 

(58) 

Table 2.2. Some examples of aptamers selected against cancer cells and conditions used 

to select them. NS – not specified 

Condition type How changed 
Number of cells Number of target cells decrease (133, 150) 

Number of control cells (150) 
Oligonucleotides Volume decrease (139, 143) 

Washes after incubating 
target cells with 
oligonucleotides 

Number increase (139, 146) 
Volume increase (146, 151) 

Time increase (146, 150, 151) 
Incubation of oligonucleotides 

with cells 
Time with target cells decrease (139, 143, 150) 

Time with control cells increase (135) 
 

Blocking agents 
Genomic DNA increase (146) 

FBS increase (146, 150) 
Salmon sperm DNA Increased (139) 

Table 2.3. Conditions used to increase the stringency of selection during SELEX 
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2.3.4. Aptamers against breast cancer cells and their application 

A number of aptamers were selected against BC cells and are presented in Table 2.4. The 

length of random region for the used libraries ranges from to 45 nt in a total of 10-16 

rounds of SELEX. While some of these aptamers were selected against protein 

biomarkers relevant in BC such as CA 15-3 protein (115) or amplified in BC 1 (AIB1) 

oncogene (164) and were not tested on BC cells; the majority of studies used cancer cells 

as targets during selection and showed binding of the selected aptamers with BC cells.  

 
# Target in selection Shown to bind 

cells/tissues 
[Name] and sequence of the random 
region, 5’-3’; Dissociation constant if 

determined in nM in brackets 

Refer
ence 

1 Breast tumor antigen 
CA 15-3 protein 

No GAAGTGAATATGACAGATCACAACT 
(45.47 ± 3.415) 
TACTGCATGCAGACCACATCAACTT 
(67.1 ± 3.289) 
CATACAATCAATCACCAGTGCGGTG 
(81.56 ± 4.198) 

(115) 

2 Amplified in breast 
cancer 1 (AIB1) 

oncogene 

No GGGATGCGAAGTTCCGCGGTCGAGT
ATATGATACATCCAT (47.83 ± 4.99) 

(164) 

3 HER2 overexpressing 
cells  

Human breast 
cancer cells 

overexpressing 
HER2 

 (SK-BR3) 

NS (165) 

4 HER2 overexpressing 
cells 

Human breast 
cancer cells 

overexpressing 
HER2 

 (SK-BR3) 

[S6*] 
TGGATGGGGAGATCCGTTGAGTAAG
CGGGCGTGTCTCTCTGCCGCCTTGCT
ATGGGG** (94.6 nM) 

(149) 

5 HER2 extracellular 
domain 

Human breast 
cancer cells 

overexpressing 
HER2 

 (SK-BR3) 

[HB5] 
TGCACTTGTCATTTTGTATATGTATT
TGGTTTTTGGCTCT (316 nM) 

(166) 

6 HER3 protein 
(oligomeric state of 

the extracellular 
domains) 

MCF7 cells [A6] 
AGAACAAUCGCAUAGGCCGCAAGG
UUAGUUUCGUUGUCCGCCCGGUGC
A 
[A18] 
ACGAGUAUAGCCCACAUGGCACGA
CAGGGACGUUUCAUGUGCACAGUU
G 
[A19] 
AGAUCAGGACAGAGCGCACAGGUG
CCAUCCUGGUCUAACGCCCUCGAUG 

(167) 
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# Target in selection Shown to bind 
cells/tissues 

[Name] and sequence of the random 
region, 5’-3’; Dissociation constant if 

determined in nM in brackets 

Refer
ence 

[A23] 
GAGGGGCGAGGACGCCGAGUAUAG
CCCCUAGAGGUGGAUGUUUCACGG
U 
[A30] 
CAGCGAAAGUUGCGUAUGGGUCAC
AUCGCAGGCACAUGUCAUCUGGGC
G 
[A37] 
UUGAGAGGUCGUGCCAACUCUCAA
GGUUGUCUUUCCUCUCCGCUCUGU
G 

7 CD44 protein 
(GST-tagged 
recombinant) 

CD44 expressing 
breast cancer 
cells (MDA-

MB-231, MCF7, 
and T47D) 

[Apt1] 
CAUCUGGAUUUGCGCGUGCCAGAA
UAAAGA GUAUAACGUGUGAAU 
(81.3 ± 30.6 nM)  
 
[Apt2] 
GGAGUAUGCGCUUGGCCGUAAUAA
UGUCGA GGCUGCCCAGGUUGU  
[Apt3] 
GGAGUACGACUUGGCUGUGUUCUU
UCGGUGC UUCUGCGUAGGCCG  

(26) 

8 Exon v10 of CD44 CD44 expressed 
on HCC38 cells 

[Apt#4 (full length)] 
GGGAGACAAGAATAAACGCAA CTC 
CCA GCC CCT CAC GTC AGC CCG C 
TTCGACAGGAGGCTCACAACAGGC  
 
[Apt#7 (full length)]  
GGGAGACAAGAATAAACGCAA CCG 
CGA ACC CCC CCC CTT AAT GTC A 
TTCGACAGGAGGCTCACAACAGGC  

(168) 

9 CD44 protein  
hyaluronic acid 

binding 
domain 

(recombinant) 

CD44 expressing 
cells ovarian 
cancer cells - 

(SKOV3, 
IGROV, and 

A2780) 

Thioaptamers  
[TA1] 
CCAAGGCCTGCAAGGGGAACCAAG
GACACG 
[TA2] 
CCAAGGCATGCAAGGGAACCAAGG
ACACAG 
[TA3] 
TGCAGATGCAAGGTAACCATATCCA
AAGCA 
[TA4] 
CGTATGCAAGGTGAAAGCAGCACAC
CAATA 
[TA5] 
GCGGCAGTAGTTGATCCCGAAGCGT
TACGA 
[TA6] 
TTGGGACGGTGTTAAACGAAAGGGG
ACGAC 

(169) 
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# Target in selection Shown to bind 
cells/tissues 

[Name] and sequence of the random 
region, 5’-3’; Dissociation constant if 

determined in nM in brackets 

Refer
ence 

10 ALDH+ breast cancer  
cells from breast 
cancer cell lines 

(MCF-7, MDA-MB-
231 or breast 
specimens) 

Mammospheres [BCS/A35] 
ACGCTCGGATGCCACTACAGATCGC
CCCTCACCTCATGGACGTGCTGGTG
AC 

(27) 

11 ABCG2 expressing 
BHK cells 

ABCG2 
expressing BHK 

cells, 
mammospheres 

[ABCG2/A12] 
ACGCTCGGATGCCACTACAGGCCCA
CCCTCATGGACGTGCTGGTGAC  
 

(27) 

12 Existing aptamers 
against CD44 

 

MCF7, 
mammospheres 

from MCF7 

[Truncated from TA1] 
CCAAGGCCTGCAAGGGAACCAAGG 
[Truncated from TA6] 
GGACGGTGTTAAACGAAAGGGGAC
GACC 
 

(170) 
 

13 Mammospheres from 
MCF7 cells 

Mammospheres 
from MCF7 cells 

[MS01] 
CTAAGCTAGTCTTTTCCGATATTTTG
TTCGTGTTGTTTTTTTTTG 
[MS02] 
TATGGCTCACGCATCGCGTTTTCTTT
CTAGTTTGTTCTTTGTTTT 
[MS03] 
GCATGGGGTTTCGGCGTTTCGTCTAT
CTTGTTTCTGTTAGCGTCT (19.36 ± 
6.28) 
[MS04] 
TTGCGCCCATTAATGTTGTAGTCTTT
TGTCTCTCGGTTTTTTGGA 
[MS05] 
TTCTGATGCTTACCGGTCGTTTTCTT
TTTCTTACTTACTTACTCTCTGT 
(30.49 ± 5.720) 

(163) 

14 Metastatic breast 
cancer cells 

(MDA-MB-231 cell 
line) 

Cells: MDA-
MB-231 

Tissues: yes 

TCAGTCGTCCCTTTATGCTTGGTGCT
CACCGTCTGAATTTCTTCA (2.6 ± 1.2) 
TAATCCCTTGTGTTTGACGTTCGAAG
ATTATTTCTATCTTTTAG (3 ± 1.7) 
CAATTGTGGTTCTTACCCTATCCCTT
GTGTTTGGCGTTCGTTGC (15 ± 4) 
GCGTGAGTCTTTTGCGGTGGCTCGG
GTTCGAATATCTACGACCTT (19 ± 5) 
AAGTAGTTTTCCTTCTAACCTAAGAA
CCCGCGGCAGTTTAATGTA (44 ± 8) 
TAGTAAGAATCTGTTTCTGGTCCTAG
TCTTGCTTGTGTTTCCT (108 ± 32) 

(162) 

15 MCF7 (human 
mammary gland 
adenocarcinoma) 

H460 
 (large cell lung 

cancer) 

[MCF7-2] 
GGGCACGGCATTGATTTGCTGCCTT
ATTGGTGTTGGTGGGGGG 
[MCF7-10] 
CCAGGGGAGAAGCTTAGGGGGGAT
GAGGAGAATTGGGGTTTTG 

(92) 
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# Target in selection Shown to bind 
cells/tissues 

[Name] and sequence of the random 
region, 5’-3’; Dissociation constant if 

determined in nM in brackets 

Refer
ence 

[MCF7-11] 
GGACGCTACATCTAGACCGCAGGGG
CTGGGGTGGGGTTACCTG 
[MCF7-12] 
CGGGGGGAGCGGATGTCTGGGAAA
ACCGCGGGGTGCCCTCCGA 
Others are not shown 

Table 2.4. Conditions and results of SELEX used to select aptamers for breast cancer 

diagnosis 

NS - not specified 
* - sequence for one aptamer is shown 
**- DNA sequences are shown; but originally selected RNA aptamers 

 

Aptamers (both RNA and DNA) were selected against HER2 protein using cells 

overexpressing this protein in three independent studies. HER2 is found in approximately 

20-30% of BC and is associated with a more aggressive form of the disease with high 

recurrence rate and low overall survival rate (166). While Liu et al used extracellular 

domain peptide of HER2 (166), two other studies used a cell line well-known to have 

overexpression of HER2 (149, 165); all of these studies tested binding of resulting in 

aptamers with HER2 overexpressing cells (SK-BR3). The target of these aptamers being 

HER2 was confirmed either by incubating with HER2 extracellular domain peptide (166), 

showing lower affinity towards HER2-negative BC cells (MDA-MB-231; HER2 

expression analyzed by Western blot (149) or mRNA expression (165); by comparing 

cells transfected and not transfected with HER2 gene (NIH-3T3 cells) (149) or by 

knocking down HER2 expression in the original cell line (149). 

Some biomarkers targeted for aptamer selection for BC studies are CSC 

biomarkers. Biomarkers associated with stemness of cancer cells can be either in 

cytoplasm, nucleus or on the cell surface; the latter one is of interest because it is easy to 

target them and they can be used for “receptor mediated targeting” (170). CD44 is a 

protein associated with cell proliferation, migration, angiogenesis; it is also a receptor for 

major component of extracellular matrix – hyaluronan (26).  Different forms of CD44 

protein (whole protein (26), v10 exon (168), hyaluronic acid binding domain(169)) were 

used during selection with a later evidence of binding to CD44-expressing cells. 

Palaniyandi et al (27) selected two types of aptamers: aptamers binding to BCSC derived 
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from MCF7 cells and against ATP binding cassette (ABC) transporter group G number 2 

(ABCG2) expressed in baby hamster kidney cells. Other studies did not use a particular 

biomarker in mind but rather used metastatic BC cells for potential use in for earlier 

diagnosis and treatment of metastatic BC (162). Mammospheres from BC cells to target 

cells which are key players in cancer recurrence and metastasis (163). These cells had a 

CD44+/CD24−/low phenotype. Some aptamers were generated in silico by truncating 

existing aptamers (170). Binding efficiency of some aptamers was modulated when they 

were truncated. 

Aptamers selected against BC cells due to their inherent advantages over 

antibodies have potential application in therapeutics and diagnosis of BC. Often these 

selected aptamers are somehow modified to reach the effectiveness. Thus study by 

Mahlknecht et al (171) used a multimerized version of the originally selected aptamer 

and it showed a superior antitumor effect by targeting cancer biomarkers (ErbB-2/HER2) 

compared to monoclonal antibodies against the same marker. This modified aptamer was 

effective in reducing the cell growth both in vitro and in a xenograft model. Employing 

two aptamers binding to BC cells, Wang et al  (172) developed a colorimetric assay with 

a limit of detection (LOD) of 10 cells/ml. In another study, MCF-7 cells were quantified 

by two different assays (photoluminescence and square-wave voltammetric assay) using 

two aptamers binding separate markers on the cell surface. Cells were firstly isolated with 

magnetic beads covered with MUC1 aptamer and then detected with quantum-dot bound 

second nucleolin-binding aptamer (AS1411). This assay had a lower LOD compared to 

photoluminescence (85 versus 201 cells/ml) (173). Aptamer BC-15 originally selected 

against BC tissue but then shown to bind to a range of other cancer types was shown to 

be effective as a probe to isolate CTC from blood of patients with pancreatic cancer (174). 

This study is important in showing that the identification efficacy using aptamers was 

similar to that of anti-cytokeratin method, an established method of CTC identification 

but which has disadvantages of being lost during EMT. Only a fraction of aptamers were 

used in actual clinical samples. Thus Zamay et al a selected an aptamer using tissue 

specimens from surgery (tissue suspensions used in SELEX) (58). Other aptamers were 

selected taking into account the drawbacks of the existing antibodies, such as fast 
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developing resistance to Trastuzumab which is used in treatment of HER2 subtype BC 

(166).  

 

2.4. Surface modification of stainless steel for biomedical applications 

 

2.4.1. Stainless steel as a biomaterial 

Due to their excellent mechanical properties such as high strength-toughness, fatigue 

resistance and inertness, metals have been used in various biomedical applications for a 

century (175, 176). Among these metals, three most extensively used ones in biomedical 

engineering are SS, titanium (Ti), and cobalt-chromium-molybdenum (CoCrMo); this is 

mostly because of their biocompatibility and mechanical properties (176, 177). SS is an 

iron-based alloy with at least 12% chromium which allows it to resist rust formation in 

unpolluted atmosphere (178). Most implants used in cardiovascular, orthopedics, 

dentistry, craniofacial surgery, and otorhinology applications are made of SS (176). Some 

permanent (artificial joints) implants and many temporary implants (plates, medullary 

nails, screws, pins, sutures and steel threads and networks used in fixing fractures) are 

made of SS (179). Compared to Ti and CoCrMo, SS has a lower cost (180) and its demand 

is also still high in developing countries (181, 182). Particularly in case of orthopedic 

implants, SS is a most cost-effective choice because of its lower cost, availability, ease 

of manufacturing, and reasonable corrosion resistance (183).  

When introduced in human body or other biological environment, metals are 

affected by protein adsorption, biofilm formation, and corrosion. Moreover, in spite of its 

wide application as a biomaterial and its general good biocompatibility (180), SS does 

not have inherent biofunctional properties: blood compatibility, osteoconductivity, and 

bioactivity (176). Unmodified SS surface has hydrophobic properties (e.g. has high 

contact angle of 86.32±4.5˚ (184)) and hydrophobic surfaces tend to attract the adsorption 

of proteins. Earlier studies have shown the susceptibility of SS for biofilm formation and 

protein adsorption (185). It is believed that adsorption of organic molecules such as 

proteins on the surface leads to biofilm formation, which in turn can lead to corrosion or 

itself be a source of bacterial contamination (186). Therefore, many surface modification 

techniques target these surface properties to improve their application in biomedicine. 
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2.4.2. Surface modification of SS for improved corrosion resistance 

Corrosion resistance is an important characteristic of metallic biomaterials. More than 

90% of all retrieved SS implants (which failed) occurred due to corrosion attack, by 

pitting or crevice corrosion (187). Different physical and chemical techniques have been 

used to increase the corrosion resistance of SS. Chemical composition and the presence 

of surface oxide layers on SS play an important role in their corrosion resistance. 316L 

SS is not susceptible to intergranular corrosion due to its low carbon content. It is 

protected against corrosion by a spontaneously formed oxide layer; this layer enhances 

properties of metals including increased corrosion resistance and inertness in biological 

fluids, passivation, improved wear, and adhesion characteristics (188, 189). Different acid 

treatment methods (Piranha (184, 185, 190-192), sulfochromic acid (193, 194) and nitric 

acid (195)) have been widely used to obtain SS surface rich in hydroxyl groups. Physical 

methods of improving corrosion resistance include plasma immersion ion implantation 

and deposition of TiO film (196), closed field unbalanced magnetron sputtering of Ti-Cu 

coating (197), radio frequency magnetron sputtering on nanostructured Zr2CN (198), 

direct current  and radio frequency glow discharge of trimethylsilane (199); while 

chemical techniques comprise of electropolishing and acid dipping (181), 

electrodeposition of polyaniline-graphene oxide (200), plasma assisted vapor deposition 

of TiN coating (201), sol-gel spin coating of polypyrrole-strontium hydroxyapatite (202). 

 

2.4.3. Adding functional groups to SS 

Native oxide layers on the SS surface were used for introduction of new functionalities 

(including biomolecules) in several studies. However, coupling biomolecules on a metal 

stent is not straightforward due to the need of incorporating linker molecules (203). 

Typically, ad-layer of functional groups, such as amines, carboxyls, or quinones is 

required on metal surface (204). Different functional groups on SS have been introduced 

either by silanization or coating with dopamine or via self-assembled monolayers 

(SAMs). In addition, biological activity such as release of drugs, capturing specific 

analytes (e.g. cells), could be required. For this, SS has to have an active compound (for 

example, drug or antibody). To introduce the above mentioned desired properties without 

sacrificing important bulk characteristics (205), SS surface is modified through various 
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coatings and biofunctionalization methods. Among these materials is dopamine which 

was initially discovered in marine mussles and possesses catechol and amine groups. 

Polydopamine films were formed on different surfaces including metals and 

semiconductors (206). On SS, dopamine was copolymerized with hexamethylendiamine 

to obtain a surface rich in amine groups by simple dipping. Heparin was tethered by its 

carboxyl groups on the surface (207). In another study, surface with increased 

hydrophilicity and corrosion resistance was obtained when polydopamine-coated SS was 

used to graft 2-hydroxyethylmethacrylate (by irradiation with 60Co-γ-rays). (208). All in 

all, functionalization with dopamine is an easy way of producing SS with amine/quinone 

groups for further attachment of molecules.  Nevertheless, because dopamine produces 

only amine/catechol on the surface only limited chemical linkers/molecules (e.g. carboxyl 

groups) can be grafted on these surfaces (Figure 2.3). 

 

 
Figure 2.3. Linkers commonly used for surface modification of SS and their advantages 

and disadvantages. 

 

Silane-coupling agents (SCA) are silicon-based linkers which are often used to 

link organic and inorganic  materials; they have a general formula of R′(CH2)nSi(OR)3, 

where R′ being an organofunctional group and R is a hydrolysable alkoxy group (209). 

Once mixed with water/ethanol, this alkoxy groups are converted to silanol groups 

(SiOH). Silanol groups then form hydrogen bonds with surface hydroxyl groups and the 
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excess of silanol groups form siloxane network (Si-O-Si). It was shown to be chemically 

stable and exhibits resistance to corrosion (210).  

Depending on SCA type, SS with different functional groups can be obtained and 

these are showed in Figure 2.4. Usually SCA binds to SS with their methoxy or ethoxy 

groups and their functional groups can be different depending on intended use. After 

modification, SS can be turned into non-reactive for antifouling purposes (mPEG-IPTS 

(184, 211) and hexamethyldisilane (191)), or various groups: amine, carboxyl, epoxide 

and thiol can be tethered on the surface. After Silanization the surfaces were used for 

attaching different molecules. This includes grafting poly(ethylene glycol)methacrylate 

for reducing protein adsorption (212); ionic liquids (213) and N-halamine (214) for 

improving antibacterial properties of the surface, or antibodies to capture cells (205); 

various polymers for reducing protein adsorption (215). Different SCA types can vary by 

their hydrolysis rate: it was shown that compared to ethoxy groups, methoxy groups had 

higher hydrolysis rate and can react directly with a metal during an incomplete hydrolysis 

(216).  

SS surface have been pretreated using various strategies in order to make it more 

suitable for silanization; most of the times by increasing the density of surface oxides. 

One of such methods includes heating at high temperatures prior silanization. Thus Ni-

free SS was oxidized in air at 800 K (217) and 316L SS heated at 500°C (218) before 

being successfully silanized with APTES. Another strategy is deposition of metal oxides 

on the surface. Aluminum oxide layer was deposited before silanization and grafting 

phospholipids (219) and tantalum oxide deposited for collagen immobilization (195). 

Both of these oxide layers improved Silanization of the surfaces. Electrochemical 

passivation was also a choice of pre-treatment before silanization with SCA or silanized 

polymer (215, 216, 220). The composition of the surface also had an impact on SCA 

attachment: Fe oxides were better for attachment of APTES than Cr oxides (217).  

 



62 
 

 
Figure 2.4. Silanization of SS using different SCA to generate various functional 

groups. APTES – (3-aminopropyl)triethoxysilane (217); APTMS – (3-aminopropyl) 

trimethoxysilane (216, 221); BTS – S-(11-trichlorosilylundecanyl)-benzene-thiosulfonate (205); 

GPTS – glycidoxypropyltrimethoxysilane (214, 215); HDMS – hexadimethylsilane (191); 

mPEG-IPTS (methyl-polyethylene glycol - 3 - isocyanato-propyltriethoxysilane (184, 211); 

MPS – (3-mercapto-propyl)trimethoxysilane (212, 213, 221); Silane-PEG-COOH (220).  

Published as part of (29) (Elsevier Permission: Personal use of work by Authors). 
 

It is also possible to use more than one SCA on one surface thus opening the way 

to multifunctional surfaces. Vuori et al. (221) studied synergetic effect of two SCA: 

APTMS (3-aminopropyl)trimethoxysilane) (used for passivation) and (3-

mercaptopropyl) trimethoxysilane (MPS) (for thiol groups). These molecules were co-

adsorbed on the surface after hydroxylation by electrochemical treatment. The study 

found that MPS was dispersed in APTMS and with the increasing concentrations of MPS 

its uptake on the surface did not increase linearly. The difference in their surface 

properties could be due to difference in their intrinsic (hydrolysis and condensation rates). 

Therefore, it is important to consider the properties of different SCA used together for 

modification of one surface.  

Molecules lacking silane group can be synthesized to have one: methoxy-PEG 

(MW 2000) synthesized using IPTS (3-isocyanatopropyltriethoxysilane) was grafted on 

the acid treated surface (184) resulting in lowered fibrinogen adsorption and platelet 

activation and adhesion as well as enhanced adherence and proliferation of HUVECs. A 

simpler approach would be using commercially available bifunctional PEG with silane 
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one side and readily available functional group on another side as demonstrated by 

Hynninen et al. (220).   

PEG is widely used for surface modification of different materials including SS. 

PEG is applied for its antifouling properties such as lowering protein adsorption and also 

for attaching other molecules on the surface. PEG is hydrophilic, non-toxic, non-

immunogenic and flexible (222). Direct coupling of PEG on SS not easy due to the 

relatively low concentration of surface oxides on SS (223), therefore, SS has first been 

silanized and then grafted with PEG  (212), (215). Another way is attaching silane group 

on PEG as discussed above. Also PEG was attached on aminated surface prepared by 

physical adsorption of polyethylene imine (PEI) with further bifunctional PEG (aldehyde 

group and methoxy-group) this surface (223).  

Another set of molecules used for surface modification of SS are SAMs made of 

different acids which served as linkers to attach molecules of interest. For instance, 

dodecylphosphonic and phosphoundecanoic acid which are phosphonic acids were 

attached on SS forming methyl- and carboxyl-terminated SAMs as a result (224). In 

another study surface was enriched with hydroxyl- and carboxyl groups consisting of 

nanofunctional alkanethiol SAMs of 11-mercaptoundecanoic acid and 11-mercapto-1-

undecanol.  

 

2.4.4. Assisted deposition of molecules/ions on SS 

Electrochemical methods and plasma deposition have been studied to deposit different 

molecules on SS. These methods allow functionalization the surface with molecules 

otherwise difficult to obtain or result in more reproducible results. 

SAMs can be attached on SS using plasma or electrochemical methods. One of 

the first examples of potential assisted SAM formation on SS was performed by Shustak 

et al. (225). Six polymers were deposited on SS by glow discharge plasma polymerization 

to add functionalities to SS. This study is important as a platform for developing coronary 

stents with covalently coupled bioactive agents (191). Alkanethiol SAMs with carboxyl 

and hydroxyl groups were prepared on SS surface using glow plasma discharge method 

(226).  
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Electrodeposition of molecules on SS for added functionality is also a well-known 

method. Okner et al. (222) synthesized PEG-diIPTS, a silanized PEG, and performed a 

one-step sol-gel electrodeposition. When negative potential is applied, the pH of the 

electrode surface changes and catalyzes the condensation of precursor (which must first 

be hydrolyzed). The study found that thickness of the film depended on the time of 

exposure and potential applied. Electrodeposited surface was shown to be hydrophilic, 

mostly smooth and uniform. Another study showed electrodeposition of  

mercaptoundecanoic acid for producing SS coupons with carboxyl group; after activation 

with n-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl] carbodiimide, 

fibronectin was covalently linked (227).  

Mild deposition of biomolecules otherwise difficult to achieve was possible by 

using plasma methods. It was used not only to increase surface oxides and also modifying 

SS with new functional groups (228). Plasma enhanced chemical vapor deposition (229) 

rendered SS with carboxylic groups; and was used for direct biofunctionalization when 

extracellular matrix protein (tropoelastin) was covalently linked on acetylene-

polymerized SS (230).  

Figure 2.5 gives a summary of different methods to functionalize SS surface 

depending on the molecule of interest. To attach molecules with carboxyl groups (e.g. 

heparin for blood compatibility or enzymes for reducing biofilm formation), one might 

consider coating SS with PEI or dopamine by physiosorption as a simple method which 

usually do not require specialized equipment. To obtain more stable coatings (but might 

require specialized equipment for improved results) silanization or coating with 

allylamine can be chosen. Molecules with free hydroxyl groups can be tethered on surface 

to readily-made SAMs composed of aliphatic acids (but stability can be an issue); another 

approach for these molecules is synthesizing their silanized form first; but synthesis can 

be time-consuming despite reduceing overall steps in functionalization) (222). In order 

to attach molecules with amine groups, SS can be enriched with ester groups via 

trisuccinimidyl citrate (231), or carboxyl groups.  
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Figure 2.5. A summary of different methods to functionalize SS surface depending on 

the molecule of interest. a) (224); b) (222); c) (228); d) (232); e) (217) f) (216); g) 

(221); h) (231); i) (227); j) (226); k) (229). Published as part of (29) (Elsevier 

Permission: Personal use of work by Authors). 

 

2.4.5. Applications of modified SS in biomedicine 

Many dental prostheses, orthopedic fixation plates, vascular stents and guidewires  used 

in biomedicine are made of SS. Studies on biofunctionalization of SS for combating 

infection and tackling restenosis, improving osseointegration and blood compatibility are 

ongoing. 

Implants developing biofilms remain a serious problem which can be reduced by 

surface modification. Two surface modification approaches are most common in 

antibacterial surface production: passive and active surface modification. While passive 

surface modification includes modifying the surface properties (especially 

hydrophobicity) with molecules lacking antimicrobial properties per se, but which have 

an effect on bacterial adhesion reducing it. In active modification biological molecules 

with a specific interaction (233) with biofilm are used. These include such agents as 

antibiotics (vancomycin and gentamicin (233)), peptides (such as magainin I and nisin 

(194)), enzymes (such as trypsin, lysozyme (232), (185)), and ions and ionic liquids (such 
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as Cu and Ti (197), Si, N+, O+ and SiF3 (234, 235)). In these studies plasma-based methods 

were used for antibacterial ion species. Antibacterial enzymes and peptides were grafted  

on the surface.  

In orthopedics SS, is mostly used as temporary implants or cemented implants due 

to poor wear and corrosion resistance of SS relative to Ti and CoCrMo alloys (236). To 

improve its osseointegration properties different methods have been tried. Coating SS 

with ceramic coating (hydroxyapatite) and modification to change surface topography are 

the main ones. Coating SS with hydroxyapatite showed to improve corrosion resistance 

and their ability to interact with surrounding tissues including bone. Hydroxyapatite was 

used both unmodified and in combination with other moieties. Nanoparticles made of 

hydroxyapatite incorporated with Zn and coated with chitosan (237),  a bilayer consisting 

of polypyrrole (as a protective and adherent interface) with salicylate (nonsteroidal anti-

inflammatory drug) and strontium hydroxyapatite (to render porosity) electrodeposited 

on SS (238), Mg and Sr substituted porous hydroxyapatite/poly(3,4-

ethylenedioxythiophene) (239) are some of the examples of hydroxyapatite use. Other 

strategies include passively adsorbed fibronectin on SS screws for improved 

osseointegration (240). Hybrid organic–inorganic coating (consisting of silicon alkoxide, 

silicon alkyl alkoxide and colloidal silica) was studied by Omar et al (182) where they 

functionalized SS with 45S5 Bioglass® and the same bioglass with Sr as a partial 

substitute to Ca. The coating formed a protective layer against media attack and the 

release of corrosion products. 

For blood-contacting devices blood compatibility is of utmost importance (241) 

and SS surface has also been modified to improve its blood compatibility. For this, 

heparin, an anticoagulation molecule with an anti-inflammatory effect ,(175)) has been 

studied the most. Heparin has been coated on SS by simple electrostatic assembly of 

multiple layers with PEI (242); a more stable coating of heparin was achieved when it 

was copolymerized with hexamethylendiamine (207); or as a hydrogel (chemically 

synthesized dopamine/tyramine linked to 4-arm poly(propylene glycol)-co-poly(ethylene 

glycol)) (243). Alternative methods of improving blood compatibility of SS together with 

more conventional methods are being studied including one of the components in 

traditional Chinese medicine (also found in citruses) (244), attaching alginic acid after 
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silanization (218) or immobilizing hyaluronan via combination of plasma reactor and 

electrospray (245).  

 Surface of SS has been functionalized for tackling restenosis. Restenosis occurs 

when endovascular stents (designed to enlarge vessels and prevent stenosis) cause blood 

clotting and thrombosis and growth of endothelial cells on stent surfaces leading to the 

recurrence of stenosis (246). Having SS stents which favour the growth of endothelial 

progenitor cells (EPC) and disfavor platelet adhesion could be a solution to the problem. 

For this, SS has been modified with various cell capturing agents such as vascular 

endothelial-cadherin (CD144), CD34 antibodies (247), EPC aptamers (248), peptide 

nanofibers (249). Another strategy is designing drug-eluting stents, and different 

strategies has been employed to functionalize stents made of SS used as drug-eluting 

stents. These include release of the drug from stent depending on the number of 

chitosan/heparin layers forms on the surface (250), using magnetic nanoparticles which 

can be turned on and off (251), or by changing the physiochemical properties of 

liposomes to which drug was attached (229). Commercially available SS stents 

functionalized for re-endothelialization and drug-elution include GenousTM, Taxus®, 

JACTAX®, ExcelTM, BuMATM stents.  

 

2.4.6. Applications of modified SS in capturing cancer cells for potential use in vivo 

A number of assays have been developed for capturing CTC since they are promising 

cancer biomarkers including various chips (micropost, microfilter, microcrescent, 

microvortex, microspiral, microsieve and etc) (252). Some of the assays are intended to 

be used in vivo. One of the early reports on using metal wires for capturing CTC from 

blood is a work by Saucedo-Zeni et al. (253) discussed earlier. After being captured, cells 

were treated with fluorescently labeled anti-EpCAM antibodies  and CD45 antibodies 

(for ruling out leukocytes) and also exposed to various post-capture treatments such as 

immunostaining and observing under fluorescent microscope (254),  determining 

mutations in certain genes using NGS (255), or chip-based digital PCR (256), DNA 

fluorescent-in-situ-hybridization (257). In some studies using Gilupi guidewire, a 

decrease in CTC count was observed after treatment (surgery) and more CTC were found 

in later stages of disease (254). Thus, Gilupi device could be useful for monitoring 
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treatment responses. Post-capture procedures could be beneficial in determining therapy 

targets and studying mechanism of resistance. It is argued that, although simply drawing 

blood is easier than placing guidewire for half an hour, cancer patients usually go through 

unpleasant and time consuming procedures (MRI, CT, biopsies) which may result in 

infection or bleeding (256). Applying guidewire in clinical settings might improve early 

diagnosis, prognosis and therapy of cancer patients (at least in the studied cancer types). 

Furthermore, capturing CTC using this device and further molecular characterization of 

the cells could make us closer to personalized medicine (258, 259).  

  
Type of 

Gilupi device  
Patients 

(number, 
cancer 
type) 

Analysis after 
capturing 

Results  Ref. 

NS 30 with BC ICH staining with 
EpCAM or CD45 

antibodies 

• Good biocompatibility 
• No side effects 
• Higher cell capture than 

CellSearch™ 

(260)* 

NS 42 with 
stage I-IV 

BC 

ICH staining with 
EpCAM and CD45 

antibodies 

• Global sensitivity 89.7 % vs. 
19% with CellSearch™ 

• sensitivity for early and non-
early stage BC was 91,7 % and 
82,3 %, respectively 

• CTC detection rate >4 times 
higher than CellSearch™ 

(258)* 

CellCollector® 380 with 
NSCLC, 

BC, PC and 
CRC 

ICH staining with 
EpCAM and/or 

CD45 antibodies 

• No side effects 
• Similar sensitivity for early and 

late stage cancer patients 
• Cell detection rate 79.2% vs. 

16.7% CellSearch™ 
• Specificity 84% (79.5% for 

CellSearch™) 

(259)* 

CellCollector® 18 lung 
cancer 

patients 
(with 

different 
stages) 

NS • Difference between CTC 
occurrence before and after 
surgery 

• Correlation between CTC 
enumeration and clinical lack of 
recurrence. 

(261)* 
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Type of 
Gilupi device  

Patients 
(number, 

cancer 
type) 

Analysis after 
capturing 

Results  Ref. 

Detektor 
CANCER01 

(DC01) 

48 NSCLC 
patients 

(stages I-
IIIB) and 12 
non-cancer 

patients 

ICH staining with 
EpCAM and/or 

CD45 antibodies 

• Sensitivity 94% (similar for 
early and late stage NSCLC 
patients)  vs. 5.8% 
(CellSearch™) 

• 100% specificity for DC01 

(262)* 

NS 48 NSCLC 
patients 

(stages IA to 
IIIB) and 12 
non-cancer 

patients 

ICH staining with 
EpCAM and CD45 

antibodies 

• No side effects 
• Sensitivity 94% (similar for 

early and late stage NSCLC 
patients) 

• No CTC in non-cancer patients 

(263)* 

CellCollector® 25  

NSCLC 
patients 

(stages IA to 
IIIB) 

Mutations in 
KRAS and EGFR 

genes 

• Pre-surgical isolation rate was 
79%, post-operative rate was 
72% 

• EGFR and KRAS mutations 
could be detected in all patients 

• Cell detection rate 72% 

(255)* 

NS 16 

metastasized
-PC (PCa-

m), 24 local 
PC, 19 men 
with benign 

prostate 

hypertrophy 
and 21 
women  

ICH staining with 
EpCAM and CD45 

antibodies 

• No side effects 
• sensitivity of 82% in PCa-m; 

68% in PCa-l patients 
• 80 % specificity 

(264) 

CellCollector® 43 PC 
patients 

(different 
stages) and 
11 control  

ICH staining with 
EpCAM and CD45 
antibodies; EGFR 
and PSMA genes 

• CTC counts of 4.6; 16.8 and 
26.8 for localized, locally 
advanced and metastatic PC, 
respectively 

• 5 CTCs had a mortality risk 
• EGFR and PSMA 42.8% and 

14.3% respectively 

(265) 
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Type of 
Gilupi device  

Patients 
(number, 

cancer 
type) 

Analysis after 
capturing 

Results  Ref. 

CellCollector® 50 lung 
cancer 

patients 
different 
stages 

(mostly 
NSCLC) 

ICH staining with 
EpCAM and CD45 

antibodies; 

mutations  in  the 
KRAS  and EGFR  

genes 

• CTC isolation 58% vs 27% for 
CellSearch™ 

• Treatment response during 
therapy associated with 
significant decrease in CTC 
number 

• mutations  relevant  for  
treatment  decisions  could  be 
detected in CTCs captured 

(256) 

CellCollector® 127 
metastatic 

BC; 63 
benign 

breast tumor 

HER2 testing and 
gene sequencing 

• Sensitivity 74.8% 
• Specificity 100% 

(266) 

CellCollector® 22 SCCHN 
patients 

EGFR expression • Much higher detection rate for 
advanced stage than that in early 
stages 

• Detection rate before treatment 
72.7% and 46.7% after surgery 

(254) 

CellCollector® 108 high-
risk PC 

patients and 
36 healthy 
volunteers 

14 genes (EMT, 
epithelial and stem 

cell-like) 

• High heterogeneity in gene 
expression in the captured CTCs 
for each patient 

(267) 

CellCollector® NSCLC ICH staining with 
EpCAM  

antibodies; 

chromosomal 
translocation of the 
ALK gene (DNA 

FISH) 

• Method combining 
immunofluorescence staining 
and DNA FISH 

(257) 

CellCollector® 73 PC 
pateints 

(tumor stage 
≥2c) 

ICH staining with 
EpCAM and CD45 

antibodies; 

Real-time 
quantitative PCR 

• EMT genes (at least one) in 
43.8%; increased after therapy 

• Epithelial markers (at least one) 
in 29.5%; decrease after therapy 

• Stem cell like markers (at least 
one) in 14.3%; present only 
before treatment 

(267) 
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Type of 
Gilupi device  

Patients 
(number, 

cancer 
type) 

Analysis after 
capturing 

Results  Ref. 

• The combination of with 
downstream RNA analysis is 
highly promising 

Table 2.5. Application of different Gilupi functionalized and nanostructured guidewires 

covered with EpCAM antibodies in detecting CTC from different cancer patients. Time 

of exposure in blood was 30 min for all. 
* - conference paper 
CRC – colorectal cancer 
ICH - Immunocytochemical 
NS – not shown 
NSCLC – non-small cell lung cancer 
PC – prostate cancer 
SCCHN - squamous cell carcinoma of head and neck 
 

An improved surface of guidewire for CTC capturing was engineered using layer-

by-layer method (268). The resulted surface consisted of several layers each serving its 

purpose: protective layer (dividing metal from solution), protein resistant layer (for 

reduction of non-specific binding) and EpCAM antibody layer (for capturing CTC). 

According to in vitro experiments, compared to leukocytes, the enrichment factor of 3000 

was achieved for CTC.  Isolated cells showed high purity (>90%) and could be further 

used for genetic analysis. In another interesting work, in addition to the wire 

functionalized with antibodies, magnetic nanoparticles were used (23). In a porcine 

model, it was possible to label and capture CTC in just ten seconds. The demonstrated 

capture efficiency of this device was much higher (10-80 times) than if the 5 ml blood 

sample would have been used; while enrichment was 500-5000 times higher than 

CellCollector®.  

  All of the above works on CTC capture do not actually quantify the cells but are 

more of capturing devices which can be used for further analysis (gene sequencing, 

fluorescent staining); very few studies focused on developing system able to quantify 

CTC from the blood. One of this kind of work was done by Weng et al. (269) who 

fabricated a needle-like biosensor, a so called “cytosensor”. After being silanized and 

covered with EpCAM antibodies, the ability of the functionalized needle to capture CTC 
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was studied in an in vitro setting mimicking human circulation system. A wide detection 

range (102 to 106) was achieved for this biosensor. By using an electrochemical method of 

CV, detectable signal was demonstrated for a concentration of cells of 21 cells/ml. 

In conclusion, SS remains an important biomaterial despite the emergence of new 

metal alloys. Surface modified SS, such as stents, are commercially available and used 

for anti-restenosis. Plenty of ongoing research aims to overcome inherent flaws of SS (as 

a foreign material) and meet its new application needs through surface modification 

techniques. Promising and emerging applications of SS could be in using it as a substrate 

in sorption of target analytes as a new substrate for a jacket-free stir bar (270) and 

diagnostic substrate in faradic impedimetric immunosensor (271) or as a guidewire to 

improve detection of rare cancer cells (253). 

 

2.5. Optical fiber biosensors and their functionalization 

2.5.1. Optical fibers 

The working principle of optical fiber biosensors is based on transmission of the light 

through an optical fiber (usually made of either silica glass or plastic) to the analysis site 

(272). Optical fiber (shown in Figure 2.6) consists of a narrow cylinder called a core 

which is doped with elements such as Ge to increase its refractive index (RI) (having 

guided field; 2-10 µm in diameter), a cladding that surrounds the core (having 

exponentially decaying evanescent field; 125 µm in diameter) and a buffer coating 

(protective coating). Since the core has a RI n1 which is higher than the RI of the core 

(n2), the light that entered the core stays inside the material because of total internal 

reflection and is therefore transmitted forward (273, 274).   

Using optical fiber as a transducer offers such advantages as having low LOD, 

low cost, chemical inertness, wide range of surface modification techniques that can be 

applied and the potential to be used for remote sensing (273, 275). Moreover, they have 

a possibility of being miniaturized, used in in vivo applications and being multiplexed to 

detect several analytes simultaneously  and are immune to electric or magnetic 

interference (272, 276). 
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Figure 2.6. A schematic diagram of an optical fiber showing the position of the core 

(diameter 2a), cladding and jacket. Source: (277) (Springer Nature license). 

 

2.5.2. Fiber Bragg grating (FBG) biosensors 

One way of using optical fiber as an intrinsic sensor is to inscribe a grating onto fiber as 

a simple intrinsic sensing element which is sensitive to RI (275) These types of sensors 

have been recently considered as a useful tool in medical and environmental diagnostics 

(278). Fiber Bragg grating (FBG) is an intrinsic fiber element inside a short segment of 

an optical fiver that has a certain range of reflected and transmitted wavelengths of light. 

This is achieved by periodic modulation of the RI inside the core by illuminating it with 

ultrviolet light to build grating structure. As light enters the core of the fiber and travels 

through FBG structure, the wavelength is selectively reflected by Bragg gratings (279).  

Due to the small size of silica fibers, high sensitivity, biocompatibility and non-

toxicity, FBG act as promising devices for biomedical application. They also have fast 

response and high spatial resolution and are highly inert to electromagnetic interference 

that confers them with distinguishing advantages. More importantly, they bring no harm 

for the patient in terms of the fact that there is no immune reaction from the host immune 

system. They also can be used in vivo for repeated or continuous measurements. 

Independence from electromagnetic field makes FBG a perfect candidate for clinical use 

(279). Optical grating sensors have such advantages as high sensitivity, possibility for 

multiplexing, small size, light weight, multi-modal sensing capability and low fabrication 

cost (278, 280, 281).  

Sensitivity to surrounding chemical and biological molecules is one of the key 

characteristics of optical biosensor fabrication. There have been several studies on 

investigation of the changes of surrounding-medium RI and its effect on FBG response 
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(282-285). RI is an estimation of the speed of light that travels through the material. The 

measurement is performed by surrounding the waveguide of the sensor by the samples of 

different refractive indices. When the measurand initiates its action, the Bragg 

wavelength starts to shift depending on the changes of refractive indices of bioanalytes.  

Several types of optical FBG biosensors are known relying on different principles 

of operation: long-period gratings (LPG), etched FBG (EFBG), tilted FBG (TFBG), 

microstructured FBGs (mFBG), photonic crystal fibers (PCF) (sometimes regarded as a 

subtype of mFBG), LPG in PCF, LPG and TFBG in SPR (286, 287). Sketches and 

coupling mechanisms of these FBGs is shown in Figure 2.7. 

 
Figure 2.7 Sketches and coupling mechanisms of an etched fiber Bragg grating (A); 

tilted fiber Bragg grating (B) and long period grating (C). SRI – surrounding refractive 

index. Source: (288) (MDPI Open Access License). 

 

2.5.3. EFBG biosensors 

FBG sensors are one type of optical sensors which are called evanescent wave sensors.  

One of the ways of using optical fiber as an evanescent wave sensor, is to remove its 

cladding to allow the evanescent field of the propagating mode to interact with the 

surrounding medium or analyte (281). In case of standard optical fibers, effective 

refractive index of the fundamental mode is almost independent of the surrounding RI 

(289). When the cladding is removed, the RI of the cladding will be replaced by the RI 

of the surrounding media (290). In FBG sensors, change of RI in surrounding media is 
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transduced into change of reflected wavelength which can be easily measured (278).  

For FBG with etched cladding higher order modes are larger than fundamental modes 

(275). The interaction between an analyte of interest and ligand (which is immobilized 

on EFBG) changes the RI on the surface and thus Bragg wavelength is shifted and 

grating reflectivity is changed. This way, concentration of the analyte can be measured 

by analyzing FBG spectral changes (in transmission or reflection) (291). 

Cladding of the fiber can be reduced in a number of ways including mechanical 

polishing (producing D-shaped fibers) and chemical etching (281). Static etching  is the 

most common method among chemical etching (292). Disadvantages of chemical etching 

include its dependence on etching solution and the environment and most importantly the 

difficulty in determining etching time (292). Hydrofluoric acid (HF) is widely used for 

etching optical fibers. Ko et al used less toxic HF-free solution based on NH4F and 

(NH4)2SO4 (293). Another etchant used to collapse the cladding is buffer oxide etch with 

or without surfactant which consist of 0.5-10% HF, 40-70% water, 30-50% ammonium 

fluoride, 0.5-10% surfactant (294). 

Controlling etching only by time is insufficient because temperature and etching 

solution composition influence it (290). Therefore, a number of studies used spectrometer 

to monitor chemical etching. Tao et al used Ocean Optics HR4000 spectrometer to collect 

light intensity during etching which was then plotted as a function of etching time (292).  

Light intensity stays stable when only cladding is etched but then starts to drop when the 

core is affected. Another study plotted Bragg wavelength as a function of time (281) and 

used an optical spectral analyzer (ANDO, AQ6317B with a resolution 10pm). To simplify 

the etching process, a low cost monitoring system consisting of LED and PIN silicon 

photodiode was used to online monitoring the etching process which is not affected by 

the temperature and etchant density (HF) (290).  

Fiber is etched in a conical manner when acid-etched. This conical shape etching 

of the fiber could possibly be explained by the gradient in the concentration of the 

solution. In one study, the gradient of HF formed was thought to be causing the conical 

shaped fiber tip: fiber region etched slower had a filament-like shape while the region in 

a stronger solution had a trapezoid shape (292). The slight increase in light intensity 
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during etching was observed when filament was fully etched and a trapezoid shape is 

achieved  (292).  

 For multimode fibers, etching of a tip in the bulk etchant was modeled (295) and 

etch rates of cladding and the core and core diameter were crucial in determining the 

shape of the tip. They also concluded that the shape of the fiber in meniscus region 

(immiscible organic solvent) during etching is not dependent on the temperature and 

composition of the etching solution. Dip in the middle of the peak was observed was 

associated with the introduction of a phase-shift to the grating due to uneven etching 

(281). Protective tubing and an optical fiber mount were used in one study to address an 

issue of uniformity of FBG etching because surface irregularities can change the final 

spectral characteristics of an EFBG. The mounting of fibers was shown to be affecting 

the spectra obtained during etching (281). Oleic acid was used in manufacturing tapered 

OF to protect the fiber and the environment during HF etching (292). 

 FBG sensors with different functionalities were successfully used to detect 

different molecules including BSA (296), peanut agglutinin (294), NaCl (297) and DNA 

(278). Protein attached to an EFBG with DNA as a sensing element puts strain on fiber 

and changes RI of the surface and thus red shift (0.141 nm) occurs (296). Moreover, when 

the concentration of protein is increased (from 50 µg/ml to 300 µg/ml) decrease of the 

reflected power is observed.  

  

2.5.4. Functionalization of optical fiber surface 

In order to develop a biosensor based on optical fiber, it is necessary to attach a 

bioreceptor on the glass surface which will bind the analyte of interest. Number of 

immobilization methods of receptors on fiber optic biosensors were utilized: adsorption, 

electrostatic self-assembly, cross-linking by multifunctional reagent, covalent attachment 

and biotin-avidin linkage (298). In case of cladding-etched FBG sensors, the glass is the 

most commonly silanized before attaching a molecule. One of the silanization molecules 

widely used is APTES. Chen et al functionalized optical fiber with a covalently 

immobilized phosphorylated oligonucleotides via EDC-mediated reaction after 

silanization with APTES. This fiber was then used to detect hybridization of DNA (286). 
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In another study, antibodies were immobilized on fiber after silanization it with MPS, a 

silane-coupling agent with a thiol group at the end (299).  

In case of plasmonic FBG, gold substrate is covered with molecules directly in 

one of the approaches: physical immobilization or covalent immobilization. Physical 

adsorption has such advantages as being fast and easy but on the other hand less stable 

and less reproducible. Covalently linked molecules are usually more stable, reproducible 

and have more coverage.  There are two types of covalent linking: one-step and two-step 

receptor immobilization (300). In some instances, molecules to be coated are first 

thiolated as was the case when biotinylated thiols were covered on a gold coated FBG 

(301). In other one-step approaches, an existing thiol-reacting group is utilized. Two-step 

approach include the use of bifunctional SAMs which are able to react both with surface 

and the ligand (300).  

One of the first steps of functionalization of fiber is its pretreatment to get a 

hydroxylated surface for further modification. A variety of methods such as Piranha 

(H2SO4:H2O2), HCl, methanol/HCl, H2SO4 are used both with and without heating the 

solution. Due to its nature, OF are usually silanized with SCA. APTES is a most 

commonly SCA used for fiber functionalization. Details of silanization with APTES 

varies widely starting from its final concentration (0.2-10% in acetone, ethanol, propanol, 

toluene or water), incubation time (10 min to overnight) and presence or absence of heat 

treatment for condensation. In any case, aminated surface is obtained. Other SCA utilized 

for bioreceptor binding on the surface include APTMS which also yields aminated 

surface, GOPS – glycidyloxypropyl-trimethoxysilane yielding epoxide surface and MPS 

rendering the surface with thiol groups. 

After silanization, either groups on the surface or on the bioreceptor need to be 

activated using crosslinkers as can be seen from Figure 2.8. For example, one terminal 

of glutaraldehyde forms amino bond with APTES and the second terminal is available 

for immobilizing amine-terminated oligonucleotide (for DNA hybridization or aptamers 

against various molecules) (278, 302, 303). One study compared three ways of attaching 

bovine serum albumin (BSA) protein on TFBG surface (298). In ionic bondings only 

method self-assembled layer of alternating polyethylene imine and dextran sulfate 

sodium are formed; to which negatively charged bioreceptor (BSA) (by putting into 
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buffer with appropriate pH) are absorbed. Second method included the same layer but 

used strong interaction between extravidin and biotin by electrostatically attaching 

extravidin on the surface and then attaching biotinylated BSA. The third way of 

immobilization combined covalent attachment of polyacrylic acid layer onto silanazed 

surface with an avidin-biotin linkage. Improved biological activity of Bioreceptor and 

lower LOD of analyte (anti-BSA) was obtained for the second and third methods. Another 

study compared different methods of immobilization of DNA on glass surface and the 

best performance was observed for immobilizing amine-modified DNA on aldehyde 

surface (304).  

 

 
Figure 2.8 An overview of functionalizing optical fiber surface with bioreceptors 

Ab – antibody; c-oligo – carboxylated oligo; DIC – diisopropyl carbodiimide; DSS - 

dextran sulfate  sodium; EDC – 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide; GA – 

glutaraldehyde; GMBS - N-succinimidyl 4-maleimidobutyrate; N-oligo – aminated olig; 

NHS - N-hydroxysulfosuccinimide; PAA – polyacrylic acid; P-oligo – phosphorylated 

oligo; PEI – polyethylene imine; S-protein – thiolated protein; SulfoSMCC - 

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate; NB: Blocking 

step not shown. a) (299);b) (286); c) (304); d) (278, 302, 303); e) (305); f) (306); g) 

(298).  
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Blocking the surface after the bioreceptor is attached is an important step to reduce 

non-specific binding. For this purpose such compounds as ethanolamine (after APTES-

PDITC (307)), NaBH4 (after incubating DNA with aldehyde surface (after APTES-

gluteraldehyde (308) and APTES-PCC (304)),  BSA have been used. 

 

2.6. Characterization of functionalized surfaces 

Once functionalized, the surface has to be analyzed to confirm that each step of 

modification was done successfully. There are a number of methods for surface analysis 

including contact angle measurement, AFM, SEM, EDS, Auger Electron Spectroscopy 

(AES), X-ray photoelectron spectroscopy (XPS), Secondary ion mass spectrometry 

(SIMS) and Fourier Transform Infrared Spectroscopy (FTIR). These methods are based 

on different principles and have various sensitivity, operation interphase (air, liquid, 

aqueous, vacuum), spatial resolution, depth of surface that can be analyzed and chemical 

composition information they can give (elements, compounds, isotopes) (188). All of 

these techniques in combination or separately were used in different studies to analyze 

functionalized SS or optical fiber. Methods which were available for our use and were 

used (or attempted to be used) for surface analysis of SS and OF will be discussed below. 

 

2.6.1. Surface characterization of functionalized SS 

SS modified for different biomedical applications have been studied using a number of 

techniques. Studying SS modified with APTES is shown in Table 2.5.  

AFM has been widely used for surface morphology analysis of functionalized SS. 

Chitosan and lysozyme layers on SS were studied and root mean surface roughness values 

(Ra) of the surfaces after each modification step were compared showing a successful 

increase with each layer (185). Several layers of chondroitin 6-sulfate/heparin for 

developing a drug eluting stent were also confirmed by AFM (250). AFM allows to 

analyze the surface of very thin metal layers as was demonstrated by sampling 0.406 mm 

nickel titanium orthodontic wire (309). SS surfaces functionalized with APTES and then 

with gold nanoparticles were studied with AFM to confirm successful electrodeposition 

of the nanoparticles (271). 
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 (310) (311) (271) (218) (217) 

SS 
Substrate 

304 SS 
1×5cm coupon 
Bright anneal 

state 
Die-cut 

316L SS 
1.2×1.2×0.1cm 

0.25um SiC 
paper polished 
Diamond paste 

until mirror 
polished 

Medical 316 
Rod 0.03 mm 
Emery paper 
(1000 grade), 
alumina slurry 

polished 
 

316L  
10×10×0.1 
mm3 pieces 

Ni-free SS 
 

Surface 
characteriz

ation 

methods  

• LEEIXS 
• XPS 
• FTIR 

• XPS 
• FTIR 
• Bromphenol 

assay 
(Enzymatic 
assay) 

• Electrochemical 
measurement 

• CV 
• SEM 
• AFM 

• XPS • XPS 
• AFM 

Use of 
silanized 
surface 

Studying 
silanization; 

appl. LEEIXS 

Lysozyme 
immobilization 
for antibiofilm 

+GNP for 
impedimetric 

biosensor 

Studying 
immobilizati
on of alginic 

acid  

Studying HT  

Table 2.5. Analyzing SS modified with APTES used for different biomedical 
applications. 
CV – cyclic voltammetry 
FTIR - Fourier Transform Infrared Spectroscopy 
GNP – gold nanoparticles 
HT – heat treatment 
LEEIXS – low energy electron induced X ray spectrometry  
XPS – X-ray spectroscopy 

 

SEM is another popular technique to study modified SS surface. It was used for 

morphology analysis of SS after different surface treatments as polishing (wet-grinding 

followed with chemical mechanical polishing), blasting (using aluminum oxide) and 

coating with hydroxyapatite (177). Rough estimation of the coating thickness was also 

possible with SEM. Using an EDS feature of SEM, elemental distribution on the surface 

was also demonstrated in this study. In another study, SEM was used to compare modified 

surfaces (grafted with dopamine, chitosan and lysozyme) with unmodified for their ability 

to inhibit bacterial growth (185).   

FTIR is a powerful technique to study the presence of chemical groups on the 

surface. Silicone rubber coated SS was characterized with FTIR in attenuated total 

reflection (ATR) mode (312). The presence of such bonds as Si–C, Si–O–Si, C–H and 

Si–CH3 was determined. (204, 222, 226, 312, 313). SS used in our project is in the form 
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of wire to resemble guidewire that is inserted into cubital vein. This makes some of the 

techniques such as FTIR not feasible. SS analyzed by FTIR used samples which were 

large enough to be held on the ATR holder: SS plates (1×10×20 mm), disks (1 mm 

thickness and 14 mm diameter), stents (L 12 mm, surface area 48mm2, closed diameter 

1.8 mm (222). 

Hydrophilicity of the modified SS surface can be analyzed by measuring contact 

angle (θ) of the surface using different liquids. Contact angle values towards distilled 

water on differently modified SS surfaces was compared by Huang et al (250). Contact 

angle increased after gold sputtering and then decreased with subsequent steps of 

modification: thiolization with dimercaptosuccinic acid, chitosan, heparin. Samples used 

in this study were sheets of SS (with unspecified size). Other studies used contact angle 

measurement for studying hydrophilicity of 10 mm × 10 mm × 1 mm sheets with different 

surface roughness (314), silanized and polymer grafted 10 mm × 15 mm × 1 mm (width 

× length × thickness) SS samples (215), 10 mm × 10 mm × 1 mm coupons silanized and 

coated with nanocoatings for improved corrosion resistance  (199). However, our sample 

is too thin to hold liquid which is measured, and this method was also omitted. Other 

techniques used in case of functionalized  SS include XPS (silane layer, antibody analysis 

on SS (194, 199, 205, 232, 234) and XRD (234). However, XPS technique was not 

available for our disposal and could not be used.  

Analyzing modified surfaces of thin metal samples is not as common as the 

analysis of flattened metal samples perhaps probably due to their limited applicability and 

difficulties associated with their use for surface analysis; these methods are summarized 

in Table 2.6.  

 

Metal wire 
(composition, 

size) 

Purpose of 
wire 

Method of 
characterization 

Application  of the 
method 

Reference 

 

NiTi 
0.406 mm 

 

 

Sorptive 
extraction 

SEM Surface morphology 
(500X) 

 

 

(309) 
EDS Elemental analysis 

Raman 
spectroscopy 

Elemental analysis 
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Metal wire 
(composition, 

size) 

Purpose of 
wire 

Method of 
characterization 

Application  of the 
method 

Reference 

AFM Surface morphology 

3D optical 
profilometer 

Surface morphology 

Fe77.5B15Si7.5 

Diameter 120 
µm, length 33 

mm 

 

Humidity 
sensor 

SEM Surface morphology   

(315) EDS Elemental analysis 

SS 
stent  

Length 15-
mm,  

Diameter 2-
mm  

Cell capture  
for re-endo-
thelialisation 

SEM Surface morphology 

 

 

 

(316) 

 

EDS Elemental analysis 

Fluorescent 
microscopy 

Imaging captured cells 

 

 
SS 316L 
0.5 mm 

 

 

General 
biomedical 
application 

Anodic 
polarization 

Corrosion resistance  

 

(189) 
SEM Surface morphology 

EDS Composition of oxide film 

AES Surface composition 

XPS Chemical composition of 
oxide films 

TEM Characterization of oxide 
film 

SS 304 
180 µm 

coated with Pd 

Solid-phase 
microextraction  

SEM Surface morphology (317) 

EDS Composition of Pd coating 

SS wire 
3 cm 

Sorptive 
extraction 

SEM Surface morphology (318) 

FTIR Composition of polymer 
coating 

SS 316 
Diameter 
0.03mm 

 SEM Surface morphology  

CV Charge-transfer resistance 
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Metal wire 
(composition, 

size) 

Purpose of 
wire 

Method of 
characterization 

Application  of the 
method 

Reference 

Impedimetric 
immunosensors 

EIS Electrolyte solution 
resistance, charge transfer 

resistance  

 

(271) 

AFM Surface morphology 

Table 2.6. Surface analysis techniques used to study different modified metal wires 

used in biomedical applications. 

 

In some cases, it is possible to confirm successful surface modification by 

analyzing the bioactivity of the surface: enzymatic activity if the enzyme is the active 

compound being immobilized as in (232), utilizing antibodies against biological 

molecules immobilized on the surface in an essay similar to ELISA (enzyme-linked 

immunosorbent assay) (231, 232), adding chromogenic substrate of the immobilized 

enzyme directly (203) or increase of certain minerals in simulated body fluid (in vitro 

bioactivity) (319). Fluorescence microscopy analysis is also feasible to study surfaces 

after modification. Thus FITC analysis was used to confirm the polymer grafting on the 

surfaces given the formation of chemical bond between FITC and aminated surface (215). 

Adsorption of fluorescently labeled proteins (which have affinity towards the 

immobilized entity or to study non-specific binding) and their visualization under 

microscope is also an option (220). 

 Electrochemical analysis of the functionalized surface can be performed in 

different formats: electrochemical impedance spectroscopy (EIS) (182, 239), CV, 

potentiodynamic polarization (PDP) (182, 239). EIS studies (usually by Nyquist plots) 

can be done in different solutions such as Ringer’s solution and resistance of the surface 

before and after modification could serve as an evidence of formation of layer (239). 

Different polarization parameters (corrosion potential, breakdown potential and 

repassivation potential) could also be obtained using PDP  to study formation of passive 

film on SS (239). Integrity of sol-gel hybrid film on SS after immersing into SBF was 

studied by Omar et al (182). PDP analysis of  uncoated and forsterite coated SS samples 

in simulated body fluid were performed (319). 
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Thin metal wires (not only SS), according to literature, can be modified and used 

for different biomedical applications: sorptive extraction of different chemicals, humidity 

sensor, biosensor and capturing cells for re-endothelization. Different methods used to 

study the surface of modified wires are shown in Table 2.6. These methods include 

SEM/EDS, AFM, FTIR, Raman spectroscopy, TEM, electrochemical methods, 

profilometer and fluorescent microscopy. Apart from methods explained above, 

application of TEM is an interesting approach where thin oxide layers formed on SS wire 

were first stripped from the surface with a solution, filtered and cleaned for a further study 

on TEM (189).  

 

2.6.2. Surface analysis of functionalized optical fiber 

Analysis of optical fiber surface functionalized for biosensing purposes includes the use 

of SEM/EDS, AFM, FTIR, XRD, thermogravimetric analysis (320). Functionalized glass 

substrates (not optical fiber) were also studied with other techniques include XPS analysis 

and contact angle measurement (321). But most common method used, is the analysis of 

spectral characteristics during functionalization. Functionalization steps of dual-peak 

LPG (cleaning, silanization and oligonucleotide attachment) were monitored and 

wavelength shift during the steps were compared with one another. Immobilization of 

DNA resulted in a bigger blue shift than when than silanization (with APTES) (286). 

When EFBG was silanized with APTES and 3-aminopropyl-monoethoxydimethyl-silane 

(APDMS), it was observed that silanization of the surface occurs in the first 15 min as 

was observed with optical spectrum analyzer (OSA). As opposed to APDMS, APTES did 

not form a monolayer but formed a seven chained polymer film on the fiber. 

Immobilization of probe DNA on the surface is also confirmed by monitoring wavelength 

shift during hybridization with a complimentary DNA (278). In another study, an increase 

of Bragg wavelength with each successive step of functionalization is observed: 

silanization with APTES, crosslinking with glutaraldehyde (GA). They also observed 

most of the change takes place in the first 10 min when shift of wavelength with time is 

measured (275). 

 SEM was used to study the stability of gold layer of SPR-optical fiver with 

preliminary silanization of the surface after thermal and chemical treatments (322). 
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SEM/EDS was also used to demonstrate successful functionalization of fiber surface. 

EDS analysis demonstrated increased content of oxygen on the modified surface 

compared to unmodified ones and the ratio of silicon to oxygen was also indicative of 

silanization of the surface (320). Two dimensional coatings of graphene oxide on EFBG 

were analyzed with SEM (323). EFBG coated with graphene oxide and antibodies was 

also demonstrated with SEM (324). 

 AFM is very useful in determining nanoscale changes on the modified surface 

(300). An increased surface roughness was observed on FBG biosensor based on tapered 

fiber-optic interferometer which was treated with APTES, GA, HER2 antibodies and also 

when analyte (HER2) was detected (325).  It has also been  used to study self-assembled 

monolayer of thiols and antibodies on the surface of plasmonic grating sensors (326).  

Other methods used for studying the surface of modified optical fiber include 

different dye assays and FTIR. Similar as in FITC use for SS analysis, acridin orange can 

be used to study silanization of the fiber. After incubating with the dye and rinsing it off, 

samples can be inspected using microplate fluorimeter at different time points and 

fluorescence intensity compared (320). Similarly, samples could be excited at 488 nm 

and emission observed (at 514 nm) under fluorescent microscope. Streptavidin 

conjugated with fluorophore (such as QD) can be used to study biotinylated fiber surfaces 

(327). FTIR in ATR mode as a sensitive tool to study surface chemistry was used to 

confirm silanization of the glass surface (microstructured optical fiber) (328).  
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CHAPTER 3. SELECTION AND CHARACTERIZATION OF DNA APTAMERS 

AGAINST BREAST CANCER STEM CELLS 

 

3.1. Abstract 

BCSC are a small population of cells in the bulk tumor which play an important role in 

initiation, recurrence and metastasis of BC. Therefore, finding new molecules that 

specifically bind BCSC is important for diagnosis, treatment and prognosis of this 

disease. The aim of the current study was to select and characterize aptamers that bind 

BCSC. For this, well-characterized cells with a number of biomarkers and characteristics 

pertaining to BCSC were chosen as a target. Despite the availability of different aptamers 

relevant for BC diagnosis, most of them either target protein biomarkers or were selected 

against a particular cell-surface biomarker. In this work, FACS was used to sort 

oligonucleotides bound to well characterized BCSC without a particular marker in mind; 

most importantly preliminary analysis showed that some sequences bind to target cells 

more than to normal breast epithelial cells. Moreover, target cells used for aptamer 

selection were originally derived from TN breast tissues. Binding of selected aptamer 

candidates to cells was studied using IFC which combines the capabilities of both flow 

cytometry and fluorescent microscopy. IFC is an emerging tool to characterize binding 

of aptamers to cells and this work could be an important for other researchers in learning 

how to apply this tool for aptamer characterization in the future studies.  

This Chapter is part of a manuscript yet to be submitted to a journal for review. 

My contribution to the manuscript (according to Contributor Roles Taxonomy (CRediT)) 

is as follows: conceptualization (formulation of research goals and aims), designing 

methodology for in vitro selection, validation, investigation (performing experiments and 

data collection), original draft preparation, and writing (review and editing). 

 

3.2. Introduction 

BC is the most common malignancy in women worldwide with a rising incidence (329). 

High rate of tumor recurrence after treatment of this disease is associated with the 

presence of CSC and inability of conventional therapies to eradicate them (12). The 

investigation of CSC received an enormous attention in the last decade. CSC are a rare 
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subpopulation of tumor cells that have distinct stem like properties that can initiate tumor, 

promote invasive growth and dissemination to distant organs. Conventional chemo- or 

radiotherapy may efficiently kill the bulk of differentiated drug sensitive BC cells, but 

not the resistant self-renewable BCSC (330). Thus, targeting and detecting these cells is 

crucial in cancer therapy, diagnosis and prognosis (128). A key challenge in detection of 

CSC is the lack or scarcity of ligands against BCSC. Given a limited number of cell-

surface and intracellular markers of BCSC and the instability of antibodies that target 

these markers, it is important to identify new molecules that bind them (12). 

Herein, we report selection of aptamers against cells with BCSC characteristics. 

For this, ssDNA library was first incubated with BCSC and fluorescently activated cell 

sorting was used to enrich live cells with bound oligonucleotides; these ssDNA molecules 

were then separated from cells and amplified; after PCR, products were turned into 

ssDNA using lambda exonuclease digestion, thus completing one round of selection. 

Oligonucleotides from selected rounds were subsequently sequenced and grouped into 

families with next-generation sequencing and bioinformatics analysis. Sequences of 

selected aptamer candidates were synthesized and used in IFC to analyze their binding to 

cells. The overall scheme of the selection and characterization of DNA aptamers against 

BCSC is displayed in Figure 3.1. 

 
 

 
Figure 3.1. A schematic overview of in vitro selection of aptamers and their 

characterization. 
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3.3. Materials and Methods 

3.3.1. DNA library and primers 

To initiate a selection process, a random DNA library consisting of single-stranded 81-

mer with a central random region consisting of 45 nt was synthesized (Lumiprobe). 

Random region was flanked by primer regions with known sequences for PCR 

amplification as shown in Table 3.1. Forward primer labeled with cy-5 (Sigma Aldrich) 

was used for obtaining fluorescently labeled sequences for use in FACS, phosphorylated 

reverse primer was used for obtaining ssDNA from dsDNA by lambda exonuclease (New 

England Biosciences) digestion.  

 

Oligonucleotide  Sequence, 5’-3’ Manufacturer 

Random library cy5-ATCCAGAGTGACGCAGCA-45N-
TGGACACGGTGGCTTAGT 

Lumiprobe, Russia 

Forward primer cy5-ATCCAGAGTGACGCAGCA Lumiprobe, Russia 

Reverse primer Phos-ACTAAGCCACCGTGTCCA Sigma Aldrich, Germany 

Table 3.1. Nucleotide sequences of the random library and primers used in the SELEX 

procedure (16). 

 

3.3.2. Cells, media, extracellular matrix 

To select new ligands (aptamers) against BCSC, well characterized human BCSC 

(Celprogen; Cat.no 36102-29) were chosen as target cells. They were grown on human 

BCSC extracellular matrix (ECM) (Celprogen; Cat.no E36102-29) in human BCSC 

complete media with serum (Celprogen; Cat.no M36102-29PS). Two types of cells, 

namely, human breast epithelial primary cell culture (Celprogen; Cat.no 36056-01) and 

human BC cells (Cat.no 77002-07) were used as control cells in negative selection 

procedure. These cells were grown on human breast epithelial cell culture ECM 

(Celprogen; Cat.no E36056-01) in human breast epithelial cell culture complete media 

with serum (Celprogen; Cat.no M36056-01S) and on human BC cell ECM (Celprogen; 

Cat.no E77002-07) in human BC cell complete media with serum (Celprogen; Cat.no 

M77002-07) respectively. Cells were grown in a humidified incubator with 5% CO2 at 



89 
 

37°C (ThermoFisher, 3121). Characteristics of cells used for selection are shown in Table 

3.2. 

 
Cells Use during 

selection 
(round) 

Characteristics 

Breast 
cancer stem 

cells  

Target  
(all rounds) 

 
Breast 

epithelial 
cells  

Control 
(7 and 10) 

 
Breast 

cancer cells  
Control 

(3 and 9) 

 
Table 3.2. Characteristics of cells from Celprogen used during the selection of aptamers 

EGFR – epidermal growth factor receptor; ER – Estrogen receptor; ESA – epithelial surface antigen; HER2 

– human epidermal growth factor receptor 2; HGF – hepatocyte growth factor; KGF – keratinocyte growth 

factor; PR – Progesterone receptor.  

 

3.3.3. Buffers and other reagents 

Dulbecco’s modified PBS (DPBS), glucose, PBS tablets, tRNA from yeast were 

purchased from Sigma Aldrich. EDTA, Calcein violet AM salmon sperm DNA, BSA and 

MgCl2 were purchased from ThermoFisher Scientific. Lambda exonuclease was obtained 

from New England Biolabs. Buffers were prepared according to Sefah et al (16). To 

prepare washing buffer (WB), 4.5 g of glucose, 5 ml of 1 M MgCl2 were added to 1l of 

DPBS. For binding buffer (BB), 100 mg tRNA and 1 g BSA were added to WB. Salmon 

sperm DNA was added just before incubation of cells with DNA during selection in a 

concentration of 1 mg/ml. 

 

3.3.4. In vitro selection of aptamers using FACS 

Aptamer candidates against BCSC were selected using the SELEX method based on (16) 

with some modifications. A well characterized human BCSC cell line (Table 3.2) was 
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utilized as a target for aptamer enrichment. Two other cell lines, human BC cells and 

human breast epithelial cells (BEC), served as the negative controls to ensure that selected 

of DNA entities would not bind surface molecules present on these cells. All cells were 

grown on their particular media and extracellular matrix to ensure their properties are 

retained.  

Cells grown until reaching about 90% confluency were washed with DPBS and 

then dissociated from plate using PBS/EDTA (2.5mM) for about 5 min. Dissociated cells 

were washed with WB twice and resuspended in BB. Cells were counted and their 

viability assessed using hemocytometer. After filtering cells through 70 µm strainer, 

2×106 cells were incubated with 10 nmol of DNA (for the first cycle of SELEX). Prior 

incubation with cells, DNA library was denatured at 95°C for 5 min in a block heater 

(Stuart; SBH130D) followed by cooling on ice. To reduce non-specific binding of DNA 

to cells, together with BSA present in BB, salmon sperm DNA (final concentration of 

1mg/ml) was added and the mixture of cell-DNA was incubated on ice for 60 min on a 

multipurpose rotator (Thermo scientific). To distinguish live cells from dead during cell 

sorting, calcein violet AM was used according to the manufacturer’s instructions. After 

incubation, sample was washed with BB and was sorted using BD FACSAria™ cell sorter 

(BD) equipped with 355, 405, 488, 561, 640 nm lasers. Flow cytometer laser lines of 

Violet 405 and Red 640 nm and channels APC (excitation/emission same as for cy5) and 

BV421 (excitation/emission same as for Calcein violet AM) were used in this study. In 

order to get a better overview, pulses were shown in a logarithmic scale. The following 

plots were taken: side scatter (SSC) versus forward scatter (FSC), FSC width (FSC-W) 

versus FSC height (FSC-H) and fluorescent intensities of both dyes. Cells with higher 

intensity for both of the dyes were gated and sorted. Sorted cells were collected in dH2O 

and ssDNA was recovered from the cells by heat/elution/denaturation: heating sample for 

5 min at 95°C and centrifuging at 16100g for 5 min with a further precipitation of DNA 

as described below. In order to increase the stringency of enrichment process, certain 

parameters of incubation were modified: number of cells used each cycle (decreased from 

2×10^6 cells to 3.5×10^5 cells), amount of DNA used (lowered from 10 nmol to 700 

pmol), washing after incubation (gradual rise from 1 to 4), incubation time decreased 

(from 60 min to 30 min) as shown in Table 3.3. Control cells were used during negative 
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selection four times during the third, seventh, ninth and tenth rounds of SELEX. For this, 

control cell lines were firstly incubated with ssDNA and then the supernatant containing 

unbound DNAs was collected and used for the positive selection against BCSC.  

 
Round 

# 
Target 

cells 
ssDNA 
(pmol) 

Incubation 
time 

(min) 

Number of 
washes 

after 
incubation  

Negative control used 
during selection 

1 2.0×10^6 10000  60 

 

 

 

1 

 

- 

2 1.5×10^6 2800  - 

3 1.0×10^6 2468  

50  

Breast cancer cells  

(227 500 cells; 50 min) 

4 5.1×10^5 2000   

2 

 

- 

5 4.4×10^5 1214  

 

40  

- 

6 4.0×10^5 1142 - 

7 3.9×10^5 1130  

3 

Breast epithelial cells  

(200 000 cells; 40 min) 

8 3.5×10^5 707  

 

30  

- 

9 3.5×10^5 700  

4 

Breast cancer cells  

(400 000 cells;30 min) 

10 3.5×10^5 700 Breast epithelial cells  

(400 000 cells; 30 min) 

Table 3.3. Parameters of in vitro selection of DNA aptamers against BCSC using FACS 

 

3.3.5. DNA precipitation and amplification 

After in vitro selection and lambda exonuclease digestion, DNA was precipitated using 

ethanol/sodium acetate. After adding one tenth volume of sodium acetate (pH 5.2-5.6) to 

DNA sample with a final concentration of 0.3 M, 2.5 volumes of cold 95% ethanol was 

added. After overnight incubation at -800C, DNA was centrifuged for 30 min at 13200g 
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and the obtained pellet was washed twice with ethanol. After being dried and resuspended 

in dH2O, DNA was further amplified or used in in vitro selection. 

 Singe-stranded DNA was amplified with PCR in order to increase its amount with 

the following thermocycling conditions: initial denaturation at 95oC for 15s and final 

extension at 72oC for 30s; and 9 cycles of denaturation at 95oC for 30s; annealing at 

56.3oC for 30s and extension at 72oC for 30s in a Eppendorf thermocycler Gradient. 

Phosphorylated reverse primers were used in PCR to get dsDNA suitable for further 

ssDNA preparation. If there was insufficient DNA, another 9-cycle PCR was performed 

to obtain more DNA. Non-denaturing 10-12% polyacrylamide gel (PAGE) 

electrophoresis at 200V for 20-30 min after binding with SYBR Green 1 (Invitrogen, 

USA) was used to analyze amplified PCR. Lambda exonuclease (New England Biolabs, 

USA) (5 units of per 50 µl reaction) was utilized to get ssDNA by digestion of PCR 

products. Products of digestion were precipitated as above and used for the next round of 

SELEX.  

 

3.3.6. Next-generation sequencing and secondary structure prediction 

After completion of round 10 of in vitro selection, initial library, SELEX products from 

rounds 5 and 9 (round 10 products could not be amplified) were prepared for NGS and 

bioinformatics analysis. For this, they were PCR amplified by adding indexes to the 

selection primer sequences truncated from the 5’-end as shown in Table 3.4. After 

amplification using these primers, samples were analyzed on 10% PAGE and purified 

using MiniElute PCR Purification Kit (Qiagen) and further shipped to Germany to 

perform NGS on our samples in Translational Oncology at the University Medical Center 

of the Johannes Gutenberg University Mainz on Illumina NGS and bioinformatics 

analysis (performed by AptaIT).  
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DNA sample Forward primer, 5’-3’ Reverse primer, 5’-3’ 

DNA library GGC TAC GAC GCA GCA GGC TAC CCG TGT CCA 

Round 5 DNA CTT GTA GAC GCA GCA CTT GTA CCG TGT CCA 

Round 9 DNA AGT CAA GAC GCA GCA AGT CAA  CCG TGT CCA 

Table 3.4. Sequences of primers used for sequencing (NGS) of DNA samples 

 

Secondary structures of the sequences were predicted using Mfold 

(http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form) both using default settings 

and with the following conditions: 1mM Mg2+ at 4°C temperature to imitate selection 

conditions.  

 

3.3.7. Imaging flow cytometry analysis  

The binding of aptamer candidates from rounds 5 and 9 with target cells (grown in T75 

flask) as well as control cells was studied. For this, aptamers were denatured at 95ºC and 

then cooled on ice. Cells were washed with WB three times, dissociated from the flask 

using PBS/EDTA (2.5 mM) and filtered through cell strainer (70µm). Then they were 

incubated with aptamers (250 nM final concentration in BB) on ice for 30 min in the dark 

with addition of salmon sperm DNA and calcein violet AM. After incubation cells were 

washed twice with WB and resuspended in 60 µl BB before being analyzed on 

ImageStream.  

Cell images were acquired on 4-lasers Imagestream X Mark II system (EMD 

Millipore) as described before (331). At least 10,000 events were collected with 40× or 

60× magnification. A 405 nm laser was used to excite calcein violet and 640 nm laser to 

excite aptamers. For double stained cells (calcein violet and aptamers) single-stained 

controls were used to compensate fluorescence between channel images on a pixel-to-

pixel basis. Analysis was done using IDEAS software package (EMD Millipore). Gating 

on bivariate plot of cell area versus aspect ratio was first used to isolate a single-cell 

population, and gating on calcein violet-positive cells to exclude dead cells from 

consideration. Statistical data analysis was performed with Prism 7.0 software using 
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student t-test, one-way or two-way ANOVA as indicated. A value of p < 0.05 is 

considered to be statistically significant 

 

3.4. Results and Discussion 

3.4.1. In vitro selection of aptamers using FACS 

CSC are a minor population of tumor cells which are able to initiate tumor upon 

transplantation (332).  They play an important role in cancer relapse and metastasis in 

BC. Detecting and targeting these cells could be one of the promising strategies in 

diagnosis and treatment of this disease and thus discovering new ligands against them is 

important. Previously, a number of aptamers have been selected with the aim of BC 

diagnosis as described in Section 2.3.4. In this study, an attempt was made to select novel 

aptamers against BCSC. To select aptamers, commercially available cells from 

Celprogen Inc. were chosen due to their well characterized features relevant for CSC in 

BC. In order to exclude the oligonucleotides that could bind to BC cells and breast 

epithelial cells, these cells (also from the same manufacturer) were used in negative 

selection procedure. Performing counter-selection procedures is considered to enhance 

selectivity of aptamers (145). The nature of control cells used in a study depends on the 

objective of the aptamers. For instance, some studies used normal cells to select aptamers 

against cancer cells (136, 151, 162), or different cancer cell type to select for very specific 

aptamers (116, 140, 145, 146), non-metastatic or low metastatic cancer cells to enrich 

ligands against metastatic cells (142, 147), cells with no expression of a target biomarker 

to select aptamers specifically binding one target on the cell (144, 149). Some studies 

used counter selection starting from the third round (135) or the fourth round (139, 151) 

or several times throughout selection (rounds 3 and 8 (333); rounds 3, 5, 7, 9 and 12 

(152)).  In this study, control cells were used in rounds 3, 7, 9 and 10 and two control 

cells were used alternately. The cells used as targets in this work were used for studying 

expressed genes (334) biomolecular characterization of exosomes secreted from the cells 

(335), studying Notch-1 signaling (336), expression and targeting ALDH1 and Notch-1 

(337). 

DNA library and primers sequences were taken from Sefah et al  (140)  in order 

to ensure high PCR amplification efficiency. Despite using efficient set of library-primers 
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in this work, it was shown that using 25 and 30 cycles of amplification leads to 

accumulation of nonspecific bands thus it was decided to use 9 cycles of PCR and then 

use these products for another 9-cycled reaction. This way, it was possible to get a band 

of correct size (ca. 80 base pair in length as the initial library) as shown in Figure 3.2. 

Increasing the number of PCR cycles, despite yielding more DNA, is one of the main 

factors affecting specificity of the obtained bands (the correct size of the product with no 

non-specific sequences). This is thought to occur due to the depletion of primers with 

more number of cycles and product annealing with the template producing non-specific 

sequences (338). 

 
Figure 3.2 - Analysis of PCR products of cycle 7 on 10% polyacrylamide gel using 25 

base pair DNA ladder as a DNA marker. 

 

To ensure the selection of specific and high affinity ligands during SELEX, it is 

important to apply stringency during selection (16). Various strategies are employed 

during the selection of specific aptamers (alone or in combination). In this work, the 

amount of DNA used for incubation with cells was decreased with each round. In order 

not to loose DNA and have a good recovery of DNA, the difference in the amounts of 

DNA was less obvious towards the last cycles. When target molecules are complex as 

cells, it is also important to consider other point. One of them being the stability of surface 

proteins on the cells during cell dissociation (16). Commonly used agents for cell 

dissociation such as trypsin or some non-enzymatic cell dissociation solutions can 

damage molecules expressed on cell surface; thus it might be more preferential to perform 

SELEX directly on cells grown on dishes (16). However, the volume of DNA used in this 

case has to be increased and DNA could non-specifically bind to culture dish. Trypsin 

can be used when it is know that the target antigen is highly expressed and/or to get a 
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faster dissociation of the cells (339). In our study, since SELEX is done without a specific 

target in mind but rather taking cells with target characteristics, trypsin was not used. 

Instead, PBS/EDTA with 2.5mM EDTA (or 0.073% w/v) was found to be optimal for 

dissociation of BCSC and control cells. 

 Separation of target bound DNA from unbound ones is one of the most important 

steps in selection. Using FACS as a separating tool in SELEX (as opposed to 

centrifugation) offers more reliability during enrichment, allows targeting specific 

population of cells (e.g. live/dead), simultaneous monitoring of enrichment and less 

number of selection cycles (16, 116, 153). FACS has been used for aptamer selection for 

a decade; with a study by Raddatz et al in 2008 (153) probably being one of the first 

applications. Later, Mayer et al in 2010 (116) published a fully described protocol for the 

application of FACS in SELEX. Since that time FACS has been successfully exploited 

in two main categories: as a method of separation of cell-bound aptamers  (16, 153) and 

for studying enrichment of aptamers during the enrichment process and their binding 

affinity towards target cells and other cells in specificity studies (18, 28, 136, 139, 143, 

146, 148, 151). 

In FACS-SELEX, side scatter area versus forward scatter area  (SSC-A vs FSC-

A), forward scatter width versus height (FSC-W vs FSC-H) and dot plot of side scatter 

versus fluorochrome intensity of cy5-oligonucleotides for round 5 are shown in Figure 

3.3. SSC-A vs FSC-A was performed in order to eliminate cell debris from the analysis, 

while FSC-W vs FSC-H served for exclusion of cell doublets. Unstained sample cells, 

cells incubated with the initial DNA library labeled with cy5 as well as cells incubated 

with a dye that distinguishes between dead and live cells were used in FACS. Unstained 

cells were used in order to eliminate autofluorescence from the cells. Dead cells are 

known to be non-specifically bind DNA and thus need to be eliminated from the analysis 

(16). To further enhance this, together with SSC-A vs FSC-A, Calcein violet AM was 

used as a live/dead cell discriminator in this study to verify position of live cells. It is a 

cell permeable fluorescent dye which is hydrolyzed by intracellular esterases to produce 

fluorescent product. This dye was chosen due to several reasons: it is not a DNA-

intercalating dye and should not bind to oligonucleotides used; its excitation/emission 
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spectra does not overlap with the one of cy5. Cells showing high intensity of both cy5 

and Calcein were sorted and DNA was extracted and amplified as described above. 

  

 

A 

 

 

B 

 

C 

 

 

D 

Figure 3.3. Using FACS for selection of aptamers against BCSC: results for round 5 of 

in vitro selection of DNA aptamers is shown. A) Dot plots of side scatter area versus 

forward scatter area; B) Dot plots of forward scatter height versus width; C) Dot plot of 

side scatter versus fluorochrome intensity of cy5-oligonucleotides; D) Populations of 

cells 
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3.4.2. NGS of aptamers and secondary structure prediction 

In order to know the sequences of the aptamers and study the enrichment of sequences, 

NGS was performed for initial library and DNA from rounds 5 and 9 and results are 

shown in Figure 3.4. NGS enables to sequence a lot more sequences than traditional 

Sanger method in a shorter period of time and monitor the population dynamics occurring 

during the selection process (340, 341). Sequences of rounds 5 and 9 were grouped into 

several families according to a sequence similarity. Secondary structures of aptamer 

candidates  were predicted and those sequences which had 2D structures with low free 

energy and were predicted to form a similar loop structure in both full- and shortened 

(random region only) leading to spontaneous folding (122) (as seen in Figure 3.5) were 

selected for further binding analysis with cells (Table 3.5). From round 5 aptamer 

candidates 5.1 and 5.8 were chosen; and for round 9, aptamer candidates 9.11 and 9.12 

were chosen. Aptamer candidate 5.1 was a representative of the most frequently observed 

family present 24 times (total number of members 5 in a family). While aptamer candidate 

5.8 was a representative of a family present 5 times (total number of members 1 in a 

family). The length of some candidates were revealed to be less than 45 nt long and this 

could be possibly explained by the fact that the length of random region in the initial 

library was mostly 45 nt with a small amount of shorter oligonucleotides present (44, 46, 

43, 42, 41 and 40 in the order of abundancy respectively). Interestingly, some sequences 

actually comprised of a forward primer and/or reverse primer binding site showing an 

enrichment of DNA comprised of primers. The sequence of aptamer candidate 5.1 

comprised of a reverse primer binding site followed by forward primer, 7 nt (random) 

and another reverse primer binding site. A sequence with two reverse primer binding sites 

was also selected by Tolle et al (342). However, they did not analyze the binding affinity 

of the selected product with the target. The length of PCR products observed during the 

selection process was of correct size in PAGE (Figure 3.2) so it was not possible to 

predict the formation of parasitic sequences without performing sequencing. The 

sequence of aptamer candidate 5.8 did not contain such parasitic regions. Other sequences 

had more Ts than other nucleotides present. Our aptamer candidates were found to be rich 

in thymine (as seen in Figure 3.3) which also can be explained by the T-rich initial 

library. Aptamer candidates rich in thymine were also identified in other studies and were 
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found to bind specifically to its target (139). In the future, to avoid the enrichment of T-

rich sequences during selection, it is advisable to use optimized DNA libraries which has 

a balanced distribution of four nucleotides in the random region. This will allow to reach 

a maximum diversity of the initial pool and hence increase target-binding capacity of the 

candidates. Having an initial library with an optimized/unbiased distribution of four 

nucleotides in the random region allows starting the selection procedure optimally by 

increasing the sequence space and potentially allowing selection of aptamers with better 

affinity to their targets  (343).  

 
Figure 3.4. Results of next-generation sequencing of a random region for product of 

round 5 of selection: relative frequency of nucleotides in each of a position in the oligo 

is shown. Statistics is shown for 715560 sequences from which 693414 are unique ones. 
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Aptamer candidate 5.1 

 

 

Aptamer candidate 5.8 

 

Aptamer candidate 9.11 

 

 
 

 

Aptamer candidate 9.12 

 Figure 3.5. Secondary structures (predicted on Mfold) of aptamer candidates: 

structures for full length (left) and random region only (right) are displayed. Structures 

with the lowest free energy with loops similar/conserved for both lengths are shown in 

red brackets. 
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Oligo 
name 

Sequence  5’-3’  
 

Repeats*  Length nt MW 
g/mole 

5.1 TGGACACGGTGGCTTAGTATCC
AGAGTGACGCAGCACGGTCGG 

17 43 
 

13349.7 

5.8 GCACCGATCAATTTTTCTGCTTT
TGTTTTTTGTGCGTTTTTGGG 

5 44 
 

13503.7 

9.11 TATATTAATTTTTCTTATTTTTT
TTTATTATTTATTATTTTTAT 

17 44 
 

13397.8 

9.12 GCATTAGTTTTTTTAAGTTTATT
TTTTGTGGTGCTTTTTTGTTTA  

21 45 
  

13851.0 

Table 3.5. Aptamer candidates selected against breast cancer stem cells using FACS-

SELEX 

*- times of this sequence among all the tested clones 

 

3.4.3. Imaging flow cytometry (IFC) 

Both FACS and confocal microscopy are widely used methods for characterizing binding 

of the selected aptamers with cells as exemplified by numerous studies in the field (18, 

129, 135, 136, 333). IFC analysis is a powerful tool which combines speed and statistical 

capabilities of flow cytometry with imaging features of microscopy (344). Since every 

particle which passes through the flow cell is automatically recorded, this eliminates a 

potential bias from an operator’s side during analysis (344). Moreover, resulting images 

and their representative graphs are linked thus empowering an operator to perform a 

single-cell-based analysis at the click of a button (345). Given its capabilities, IFC can 

study cells for its morphology (size and shape), expression of different antigens, 

localization of the signal and its intensity (346). 

While there are examples of using IFC such as localization of antigens in cells 

(346), studying cell-cell interactions (347), analyzing cell morphology change during 

maturation (348), intracellular parasite quantification (349), studying cells/structures with 

inherent fluorescence (phytoplankton (344)),  the application of IFC in aptamer 

characterization is limited or even non-existent to the best of our knowledge. The use of 

aptamers in IFC was highlighted in the work by Nascimento et al  (339) where sample 

preparation for  imaging cytometry is considered identical to flow cytometry (except that 

in IFC cells being plated on slides). However, workflow or data analysis regarding the 

use of IFC for aptamer studies are not considered according to literature review. IFC 

system (ImageStream) used in this study is able to analyze several hundreds of thousands 
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objects in several parameters at the same time combining this with fluorescent 

microscopy imaging (350). After preparing aptamers and cells, incubating them together 

with Calcein violet, gating on focused events was done to select single cells from cell 

clumps and doublets (Figure 3.6). FCS gradient root mean squared histogram was used 

to gate in-focus single cells. Calcein violet AM aspect ratio histogram was used to remove 

dead cells and an overlay of histograms of cells stained with aptamers vs. controls. As 

can be seen from the figure, there is a slight shift in intensity of aptamer binding to target 

cells compared to control cells (breast epithelial cells). The binding of the selected 

aptamers has to be studied in detail using different concentrations of cy5-labelled 

aptamers in order to determine dissociation constant. According to Figure 3.7 some 

aptamers are seen as a spot on the cells while others are internalized. Aptamers binding 

to spot on cells (not fully covering) and binding only to a fraction of cells is not a 

surprising phenomenon. Taking into account the principle behind SELEX, any molecular 

differences between the target cells and control cells might lead to an enrichment of 

aptamers which will bind to either all target cells or only a fraction of them (146). Similar 

to Palaniyandi et al (27) we also performed selection on ice but interestingly aptamers 

were shown to be internalized too. Aptamers with internalizing properties are promising 

tools for developing an effective drug delivery system in cancer therapy (28). Figure 

3.7A shows live cells with high intensity on cy-5 channel (aptamer staining) and 

confirmed by imaging; Figure 3.7B shows those not confirmed with imaging and 

excluded from the study. Binding of only a fraction of the selected aptamer candidates 

was performed and analyzing other sequences might reveal better binders. 
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Figure 3.6. A scheme of gating for IFC analysis of aptamer binding to cell targets. (A) 

Cell lines gating; (B, C) Single focusing gating; (D) Overlay of cell lines (control and 

BSCS). 

 

 
A B 

Figure 3.7.  (A) A gallery of BSCS cells stained with Calcein AM Violet; (B) A gallery 

of artefact staining with aptamers visualized by IFC. Ch01 – brightfield; Ch06 – calcein 

violet AM staining; Ch11 – cy-5. Magnification 60X. 
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3.5. Conclusion 

BCSC play a major role in metastasis, relapse and recurrence of BC and therefore 

finding new ligands binding these cells is important in improving BC diagnosis and 

treatment. FACS-SELEX was employed to select aptamers against BCSC.  DNA 

aptamers were selected against these cells using FACS-SELEX method and their binding 

was studied with IFC which showed that their higher affinity towards target cells than 

controls. Although, the binding of the selected sequences was not fully studied, to the 

best of our knowledge, this would be the thirdly reported synthetic ligands that were 

selected against BCSC (and not regular BC cells) and without the prior knowledge of its 

target (i.e. not aiming at binding to a certain marker).  Moreover, cells used here have 

more described CSC-characteristics than the two reported works ((12) and (163)) and 

were originally derived from BC. This study is one of the first examples of using IFC in 

analyzing aptamer binding to cells. IFC is an emerging tool for analyzing aptamers raised 

against cells and a workflow for using this technique is given in this work. We believe 

that both fundamental and diagnostic (including therapeutic) studies will benefit from 

selection of new aptamers against BCSC and that IFC will be used more for aptamer-cell 

interaction analysis in the future. 
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CHAPTER 4. FUNCTIONALIZATION AND CHARACTERIZATION OF 
STAINLESS STEEL: TOWARDS DEVELOPING MEDICAL GUIDEWIRE TO 
DETECT BREAST CANCER STEM CELLS 
 

4.1. Abstract 

SS is a widely used metal in biomedicine including guidewires and stents; and could be 

used as a substrate to capture such small events in blood as BCSC after successful 

functionalization. Silanization is one of the widely used first steps in functionalization of 

SS before adding biomolecule on the surface. Before silanization of SS, a pre-treatment 

of the surface by electropolishing found to be important. Electropolishing distance and 

time were determined for a given electropolishing solution.  Electropolishing also 

provides better substrates for surface analysis using AFM compared to non-

electropolished samples. For silanization, parameters of electrodeposition such as applied 

potential, pH of the solution and heat treatment were explored. After silanization, SS was 

modified with crosslinker and CD44 aptamers which are against BCSC marker 

molecules. Together with AFM, SEM/EDS, CV could be used to study modified SS to 

overcome challenges associated with small size of the samples. The functionalized wire 

was shown to capture target cells compared to control wire. 

This Chapter is part of an article published in Materials journal (MDPI) (30). My 

contribution to the manuscript (according to CRediT) is as follows: conceptualization 

(formulation of research goals and aims), designing methodology for functionalization of 

SS, validation, investigation (performing experiments on SS surface modification, 

characterization and data collection), original draft preparation, and writing the 

manuscript. 

 

4.2. Introduction 

The aim of this work was to functionalize SS wire with bioprobes with an ultimate goal 

of capturing BCSC. For this, wires were silanized with APTES and treated with GA 

before immobilizing bioprobes (DNA aptamers against CD44 protein) on the surface. 

Commercially available bioprobes (CD44 aptamers) were used for wire functionalization 

because characterization of aptamer candidates we selected took longer time than planned 

and could not be used when starting experiments on functionalization of wire.  
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The overviews of SS functionalization and surface analysis are shown in Figure 

4.1 and Figures 4.2 respectively. Surface after functionalization was studied by 

fluorescent microscope, SEM/EDS, CV and AFM.  

 

Figure 4.1. The overview of functionalization of stainless steel wire to isolate breast 

cancer stem cells. 
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Figure 4.2. The overview of analysis of functionalization of stainless steel to isolate 

breast cancer stem cells.  

 

4.3. Materials and Methods 

4.3.1. Pretreatment of SS 

Two pretreatment methods were used before silanization of the surface: sonicated 

(Sample: Sonic) and sonicated=>electropolished (Sample: Elpol). SS wires (316L SS 

from CrazyWire company) were cut (approximately 7-8 cm) forming a hook one side (for 

handling and better connection during electrodeposition) and washed with soap water. 

Then they were sonicated according to (351), briefly sonicated in water, acetone and 

ethanol for 10 min each with additional sonication in water. In electropolishing, flat SS 

wires were used as a counter electrode and reaction was performed under constant 

temperature (75-80°C) while keeping distance between electrodes constant (15 mm). 

Electropolishing solution was prepared according to (352) and consisted of 11 M H3PO4 

and 4.5 M H2SO4. Potential of 1.8 was applied with PalmSens4 potentiostat (PalmSens 

BV). After electropolishing samples were washed in acetone and then sonicated in 

acetone and water for 5 min each. 
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4.3.2. Silanization of SS 

Electrodeposition according to (353) (with modifications: nitrogen flow after 

electrodeposition, HT for 1 hour at 130°C, rinse in water for 2 min) (271). Three electrode 

system consisting of platinum electrode (counter electrode (CE)), silver electrode (quasi-

reference electrode (RE)) and working electrode (Sonic or Elpol) (Figure 4.3) using IM6 

electrochemical station (Zahner elektrik). Silver electrode was coated with Ag/AgCl ink 

and heated at 70°C for 20 min in oven. Electrodeposition solution contained 0.02 M 

APTES (Sigma Aldrich, Germany) to which different volumes of 0.1 M HCl and ethanol 

were added (to get pH 4-6) for a final volume of 131 mL. The solution was hydrolyzed 

for 1 hour before being deposited. Constant negative potential (–0.6; –0.8; –1.0 or –1.2V 

vs silver electrode) was applied to samples for 30 min (353) then dried under N2 flow and 

heat treated (Sample: HT) for 1 hour at either 70oC or 130oC in oven. After heat treatment 

(HT), samples were rinsed in water for 2 min to remove physiosorbed molecules (271) 

and cut for further analyses. 

 

  
A B C 

 
Figure 4.3. Setup used for electrochemical deposition of APTES on SS wires: 

electrochemical station (A); three electrodes in electrodeposition solution (B); 

schematic view of three electrode system (C). CE – counter electrode (platinum); WE – 

working electrode (SS samples); RE – quasireference electrode (silver).  
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4.3.3. Cyclic voltammetry 

CV was performed in PBS (pH 7.4) containing 0.1 M KCl and 1mM 

K3[Fe(CN)6]/K4[Fe(CN)6] with potential set from –0.6 V to 0.7 V and a scan rate of 50 

mV/s. Three electrode system consisting of platinum electrode (CE), silver/silver chloride 

electrode reference electrode (RE) (3 M NaCl) (Zimmer and Peacock) and working 

electrode (sample of interest) used.  Eight cycles were performed and the last one used 

for comparison.  

 

4.3.4. Scanning electron microscopy (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS) analysis 
The samples were analyzed on one of the two SEM: FеSEM Auriga (ZEISS; Crossbeam 

540) or JSM-IT200 (JEOL). Samples were attached onto carbon tape (Agar scientific 

G3348N) before analysis. 

 

4.3.5. FITC analysis 

HT samples were reacted with 125 µg/ml FITC in sodium carbonate/bicarbonate (pH 9.2) 

buffer for 2 h in the dark and washed with ethanol for 5 min and dried. Samples were then 

attached on glass slides and visualized on FLoid™ cell imaging station. 

 

4.3.6. Immobilizing ligands 

HT samples were further incubated with 5% GA solution in PBS for 1 h, washed with 

PBS and dried under nitrogen flow (Samples: HT-GA). To immobilize aptamers, amine-

modified aptamers (2.5 µM) in binding buffer (50 mM Tris-HCl and 20 mM MgCl2, pH 

7.4) for 1 hour at 37°C and rinsed with BB dried under nitrogen flow (Samples: HT-GA-

Apt). Amine-modified CD44-aptamers with the following sequence 5'-AmC6F]-

CCAAGGCCTGCAAGGGAACCAAGG-3' (Sigma Aldrich, Germany) were used for 

immobilization. They were originally selected by SELEX (169) and then truncated in an 

in silico study (170). Unreacted aldehyde groups on wires are blocked by ethanolamine 

(0.5 M) for 15 min. After blocking, aptamer functionalized  samples (HT-GA-Apt-Block) 

are rinsed with washing buffer (BB with 0.1% Tween 20). Samples are used immediately 
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or stored at 4°C in BB. Electropolished wire (no APTES) was used in all functionalization 

steps and treated as control samples (sample: Elpol-GA-Apt-Block or control wire). 

 

4.3.7. AFM 
High-resolution topographical characterization of the surfaces was carried out using 

SmartSPM 1000 (AIST-NT Inc., Novato, CA, USA) in AC-Mode (non-contact mode). 

All measurements were performed with a scanning rate 0.7 Hz; scan range was 5µm×5µm 

(2.5µm×2.5µm or 1µm×1µm) in X-Y; and height Z was set automatically. Super sharp 

type “NSG30_SS” cantilever, with a tip radius curvature of up to 2 nm, force constant of 

22–100 N/m, and resonance frequency of 240–440 kHz in air (Golden Silicon Probes; 

TipsNano) was used. 

 

4.3.8. Testing the Functionalized SS Surface to Capture BCSC 

To test the ability of the functionalized wires to capture cells, BCSC used during selection 

of aptamers were grown, dissociated and filtered as discussed in Section 3.3.2. Cells (5 × 

105 cells/mL) were incubated with functionalized and control samples for 30 min and 

then fixed with 3.7% formaldehyde (Sigma Aldrich) for 15 min and stained with DAPI 

(4′,6-diamidino-2-phenylindole). Wires were then visualized on a fluorescence 

microscope (FLoid™ cell imaging station, Thermofisher). 

 

4.4. Results and Discussion 

 

4.4.1. Pretreatment of SS 

In the literature, SS surfaces which were successfully silanized with APTES were first 

mechanically polished  (SiC paper polished, diamond paste until mirror polished (311); 

emery paper, alumina slurry polished (271)); some samples were bright anneal state, die 

cut (310) or surface finish (218) as shown in Table 2.5 (Chapter 2). However, mechanical 

polishing was not possible to achieve given the small size of our wire. Apart from 

polishing, surfaces were also differently pretreated before incubation with APTES for 

increased surface hydroxyls and/or to get a smoother surface: treated in sulfochromic 

bath; electropolished or heat treated (HT). While sulfochromic bath (the combination of 
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sulfochromic and sulfuric acids) is harmful for both people and environment; and also 

not available in our facilities; other two methods need special pieces of equipment. HT 

offers an easier method; when this was tried for our samples, it indeed increased the 

surface oxides however failed to produce silanized surfaces (at least when HT samples 

were used for dip-coating as in (218) not electrodeposition as in later experiments). 

Hence, one of the available options was using electropolishing before silanization. 

In this work, SS wires were electropolished under constant potential using 

phosphoric and sulfuric acid. Most of the reported studies on electropolishing SS have 

used SEM and or AFM for surface characterization (354). We also have used these two 

methods. SEM images of both wire (Figure 4.4) and a cathode (Figure 4.5) before and 

after electropolishing suggests successful polishing of the surface and dissolution of the 

particles to cathode respectively. Residual roughness features from manufacturing 

process (stripes) diminished due to electropolishing for 300 s; the overall diameter of the 

wire decreased from 162.5 to 140.1 µm as seen from Figure 4.4.  
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     After sonication After electropolishing 

 
Figure 4.4. Scanning electron micrographs of wire before (left) and after 

electropolishing (right) (magnifications 500X and 2000X). The figure was published 

as part of the paper (30) (MDPI Open Access License). 

 

 
A 

 
B 

Figure 4.5. Scanning electron micrographs of SS flattened wire before (A) and after 

being used as a cathode in electropolishing of six samples (B) (magnification 10k×). 

 

Electropolished samples for 100 and 200s still have stripes from the 

manufacturing process (Figure 4.6). When all electropolished wires (100-300 s) were 
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visualized using secondary electrodes (SE) in SEM, no identifiable grain boundaries after 

electropolishing can be seen (Figure 4.6) similar to results obtained by (355). Also wire 

polished with closer distance to cathode (10 mm instead of 15 mm) leading to the surface 

covered with small holes formed possibly due to gas formation and pitting of the metal 

(results not shown).  

 

   

   
100 s 200 s 300 s 

Figure 4.6 Scanning electron micrographs of wire after electropolishing for 100, 200 

and 300 s (magnifications 500× and 2000×; Images using two detectors shown: InLens 

(upper) and Secondary electrode (lower)). 

 

 Studying samples after electropolishing with AFM further support the results of 

SEM of a successful electropolishing as seen from Figure 4.7. Large unevenness of the 

surface was levelled out by polishing. Stripes present on sonicated samples disappear and 

it becomes smoother.  
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After sonication  After electropolishing  

 
A 

 
D 

 
B 

 
E 

 
C 

 
F 

Figure 4.7. AFM micrographs of wire before (A, B, C) and after electropolishing (D, E, 

F). A and B: 5 µm × 5 µm; B and D: profiles of lines shown on A and D, respectively;  

C and F: 3D images of A and D, respectively. The figure was published as part of the 

paper (30) (MDPI Open Access License). 
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4.4.2. Electrodeposition of APTES: general considerations 

Silanization of SS for further attaching biomolecules is a widely used method. Our first 

attempts of dip-coating SS with APTES were not successful. One of the alternatives was 

of attaching silane molecule on the surface is using electrodeposition. During 

electrodeposition of silane, applied negative potential causes the formation of hydroxyl 

ions which catalyze the binding of silane on surface (356). Electrodeposition of silane-

coupling agents offers a more uniform coating (357), possibility of controlling thickness 

and coating geometrically complex shapes (353). During 3-electrode electrodeposition of 

APTES on SS, we used quasireference electrode (QRE). The use of QRE in nonaqueous 

solutions instead of RE is justified by the difficulty in finding an appropriate RE that will 

not contaminate the test solution. It is expected that in experiments where no essential 

bulk solution change occurs, the potential of QRE will also not change (358). Moreover, 

the porous frit of RE can be clogged by silane causing increased and irreproducible 

junction potentials (356). However, the potential of QRE will vary from experiment to 

experiment but especially in various electrolytes. The silane film formation per se will 

not be affected but variability in film thickness can occur (356). Several works on 

electrodepositing silane on metals (SS, gold, aluminum) or other electrode (glass carbon 

electrode) in nonaqueous solutions also report the use of QRE (353, 356, 359).  

 

4.4.3. Electrodeposition of APTES: Applied Potential 

AFM images of APTES electrodeposition on sonicated SS wires under different 

potentials are shown in Figure 4.8. The intrinsic surface roughness of sonicated sample 

does not allow properly analyze the surface using AFM after silanization (adding another 

reason to electropolish the surface before treatment). Therefore, the rest of samples 

describe here are electropolished ones. It is important to state, that finding a suitable 

method for surface characterization was important since some methods failed to produce 

good results either due to thin nature of our samples (FTIR, contact cangle measurement) 

or need to be further optimized (Raman spectroscopy). 
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Sonic -1.0 -0.8V -0.6V 

Figure 4.8. AFM images of APTES electrodeposition on sonicated SS wires under 

different potentials (10 µm × 10 µm and their corresponding 3D images). The figure 

was published as part of the paper (30) (MDPI Open Access License). 

 

APTES electrodeposition on electropolished SS wires and their AFM images 

under different potentials (–0.6; –0.8; –1.0 and –1.2 V) were also studied (Figure 4.9). 

Stabilized current density was observed for all potentials in the beginning except for           

–0.8 V where it first decreases and stability reached over time. Several papers also report 

a stabilized current density over time of electrodeposition: PEG400diIPTS on SS (222); 

copper coating on SS (360); cobalt on gold electrode (361), polyaniline on indium tin 

oxide (362) etc. Roughness of the surface increases as the potential becomes more 

negative from –0.6 to –1.2V (Figure 4.9) as shown by the increase in the root mean 

square roughness (rms) of the surfaces. Increase of the film thickness with more negative 

potentials was also reported by (353) (but for two silane-coupling agents used together) 

with more negative potentials; at –1.2 V irregular films are formed probably due to 

massive hydrogen evolution. Potential –0.8 V further studied in more details because of 

two reasons. Firstly, it produced more uniform surfaces with correct height of the 

particles as will be discussed further.  Secondly, during electrodeposition at –0.8 V  the 

chronamperometry graphs were decreasing and then stabilizing as  in (222) (silanized 

poly-ethylene glycol on SS; although our graph not sharply decreasing) rather than being 

stable from the beginning. 
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-0.6V  

rms 721 pm 

 
 

-1.0V  

rms 2.4 nm 

 
 

-1.2V  

rms 3.6 nm 

Figure 4.9. AFM images of SS after electrodeposition of APTES under different 

potential. From top to bottom: 2.5µm×2.5µm (for –0.6 V 5 µm × 5 µm); 1µm×1µm; 3D 

image of 1 µm × 1 µm. rms shown for 1 µm × 1 µm. Samples at -0.8 V are discussed 

further. The figure was published as part of the paper (30) (MDPI Open Access 

License). 

 

To interpret AFM results of silanized surfaces, it was necessary first to decide 

what comprises the correctly silanized surfaces according to the literature results. 

Reported AFM results for surfaces silanized with APTES are different: value of 0.8 ± 

0.1 nm was reported to be a good APTES film while higher than this value were 

polymerized APTES (363); Nevertheless, many studies report higher particle height with 

their further successful applications; these include 1.8 nm for APTES layer (364); less 

than 2 nm for a single APTES layer (365); and even ca. 14 nm (366). As reported by 

Howarter et al (367), particles of 1.5-2.9 nm correspond to 2-4 APTES layers when no 
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agglomerates or multi-island growth are present. Rms value of 9.6 ± 1.4 nm (368); rms 

of 3-4 nm (369) were also reported. Although some studies report roughening of the 

surface after APTES: rms of 0.69 nm increased from 0.51 nm (365). Increased roughness 

was attributed to multi-layer APTES but which was thin and stable (compared to other 

concentrations) and was successfully used for GA and antibody immobilization (365). 

Similarly, it was decided to consider APTES functional not only if the surface became 

smoother but also if it was uniformly covered and the range of particle size was 0.8-2 

nm; and no or minimum of big sized particles (indicating polymerized APTES). Also, 

surfaces with particles with height of less than 0.7-0.8 nm were not considered silanized.  

Another surface characterization technique which can be used for small diameter 

wires is CV. CV can show the changes in peak current and peak-to-peak separation after 

each modification step and this correlates with the electron transfer resistance of the 

surface due to the formation of film after surface modification. This indicates the 

formation of a non-conductive silanized layer on the surface (370). According to the 

literature, metals after silanization studied on CV most of the time block the electron 

transfer of redox couples in CV. Thus complete blocking was observed for SS stent 

covered PEGylated silane molecules compared to bare stent in CV (1 mM Ru(NH2)63+ in 

0.1 M KCl) (222). Permeability of silane film (APTES plus tetraethoxysilane) 

electrodeposited on gold electrode also showed to decrease (5 mM Ru(NH2)63+) (371). 

APTES on SS when analyzed on CV (1 mM [Fe(CN)6]3−/4− in phosphate buffer pH 5.0 

with 0.1 M KCl) also lowered redox permeability (271). In case of bare SS electrodes 

studied in CV with redox couple, its shape is not a classical duck shape; but when SS was 

studied in PBS without redox couple a duck-shaped response was observed; in this case 

the control electrode (screen printed calomel electrode) was studied in PBS with redox 

couple (269). We used CV conditions as in (271) (buffer with 0.1 M KCl and 1mM redox 

couple; – 0.6 to 0.7 V) but with 0.01M PBS pH 7.4 (not pH 5.0 and 0.1 M) since it’s 

widely used buffer for biological samples (to keep the functionality of 

aptamers/antibodies) and was used in several works to study silanized surfaces (372, 373) 

The CV of wires silanized with APTES using different applied potentials is shown 

in Figure 4.10. The electron transfer resistance followed the following order: −1.2 V < 

Elpol < −0.6 V < −0.8 V, with −0.8 V producing the optimal silanized layer. The lower 
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electron transfer resistance at −1.2 V is likely due to a less uniform coverage of the surface 

and formation of larger particles, as shown on AFM (Figure 4.9). The samples silanized 

at −0.8 V showed the highest concentration of Si, C, and O in the EDS analysis and were 

further functionalized with aptamers. Sample −0.8 V which had more complete blockage 

of electron transfer between redox couple and electron surface in CV (green line vs. blue 

Figure 4.10) also had higher increase in Si and C and additional O in EDS analysis. These 

samples had an extra hook and more AgCl ink on Ag electrode during electrodeposition 

as compared to previous samples. Also, their chronoamperometry graphs were lower than 

other −0.8 V samples.  

 

 

Figure 4.10. Cyclic voltammograms of electropolished SS electrode (Elpol) and 

silanized with APTES using different applied potentials (HT): −1.2; −0.8 and −0.6 V; 

CV done in PBS pH 7.4 containing 0.10 M KCl and 1.0 mM [Fe(CN)6]3−/4− with a scan 

rate of 50 mV/s. Potential vs. RE (3 M NaCl).The figure was published as part of the 

paper (30) (MDPI Open Access License).  

 

 

4.4.4. Electrodeposition of APTES: pH of the Solution 

Apart from applied potential, the pH of the solution is an important factor for 

electrodeposition since it affects hydrolysis and condensation of APTES. Before being 

immobilized on metal, APTES solution has to be hydrolyzed to form silanol (Si-OH) 



120 
 

groups. However after hydrolysis, condensation can take place where it is polymerized 

and precipitated (374). It was reported by (375) that at pH 7 hydrolysis rate is minimal 

and at pH 4.3 condensation is minimum for APTES; where condensation is a base-

catalyzed reaction. Minimizing silane concentration also minimizes its condensation 

(374).  

In this work, we tried APTES solution with different pH values (measured by pH 

paper). AFM results of surfaces electrodeposited at –0.8 V using solutions with different 

pH values (pH 4–6) are shown in Figure 4.11. All surfaces silanized with various 

solutions are seen as covered on AFM. They have particles with 0.8-1.0 nm in height. 

However, at pH 4 and pH 6, higher particles (>6 and >10 nm respectively) and  in case 

of pH 5.5 some particles with 4 nm size were formed. The most uniform surfaces are 

formed at pH 5. 
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Figure 4.11. AFM micrographs of electropolished SS wires after electrodeposition of 

APTES at the applied potential of −0.8 V for 30 min in solutions with pH values of 6; 

5.5; 5 and 4. For each pH value, 1 µm × 1 µm images, their 3D images and profiles 

along the lines are shown. The figure was published as part of the paper (30) (MDPI 

Open Access License). 

 

Additionally to AFM, the presence of APTES on the surface was also studied 

FITC analysis, where samples are incubated with FITC. FITC is a fluorescent dye having 

N=C=S functional group which reacts with amine and thiol groups (376). FITC analysis 

is a fast qualitative method to show the surface has been silanized by APTES since it 

reacts with amine groups of APTES. In FITC analysis, two samples were used and the 
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results are seen in Figure 4.12. The control sample (Elpol + FITC) had lower signal 

intensity (autofluorescence) than the silanized samples (HT + FITC). Similarly, FITC 

analysis was used for qualitative analysis of various surfaces after silanization with 

APTES, including silicon oxide (376), poly(dimethylsiloxane) (377), nanoparticles (378), 

and titanium (379). 
Elpol + FITC HT + FITC 

 
Figure 4.12. FITC analysis of the control (Elpol-electropolished) and silanized samples 

(HT) (electrodeposition at the applied potential of −0.8 V for 30 min) as visualized by 

fluorescence microscopy. The figure was published as part of the paper (30) (MDPI 

Open Access License). 

 

SEM/EDS were also attempted for surface characterization of silanized wires. 

Observing silanized wires using SEM did not reveal much information. According to the 

literature, when surfaces (SS or other metals) silanized with APTES are visualized on 

SEM they are either smooth (353) or have some aggregates (particle size not reported but 

estimated to be 10-60 nm) (271, 380). For those that have aggregates, surfaces before 

silanization are not given and thus difficult to make a definite conclusion using SEM data. 

As opposed to SEM, EDS seems a more useful tool to study silanization. On EDS, the 

presence of APTES on nanoparticles was proven by the increase of C and Si in (381); 

more C, N, O and Si on nanopore (382); more C, O and Si on metal surface (383); more 

C resulting from the APTES hydrocarbon chain when on SiO nanoparticles (384). For 

silanized samples that also showed blocking in CV, an increase of Si (from to 0.70 to 0.83 

at. %) when compared to Elpol was observed. For some samples, increased content of C 

(from 0 to 13.70 at. %) and O (from 0 to 3.77 at. %) was also observed.  
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4.4.5. Electrodeposition of APTES: heat treatment 

Heat treatment after silanization is another important parameter to consider since it affects 

the covalent bond forming between APTES molecule and the surface. Two heat treatment 

temperatures (70 °C (269) and 130 °C (271)) were tested for HT after electrodeposition 

(Figure 4.13A,B) taken as the lowest and the highest reported in the literature. Analyzing 

the samples with AFM revealed that at higher temperature (130 °C) a more uniform layer 

of APTES was formed. At 70 °C, some larger particles (up to 4.5 nm) were seen. 

Additionally, FITC analysis of these samples showed that at 130 °C the surface had a 

more uniform and higher intensity signal for FITC than that of 70 °C (Figure 4.13C,D). 
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HT 130 °C HT 70 °C 

  

  

  
(A) (B) 

  
(C) (D) 

Figure 4.13. AFM micrographs (A,B) and FITC analysis (C,D) of SS wire at two 

different heat treatment temperatures (130 °C and 70 °C) after electrodeposition of 

APTES using −0.8 V vs. QRE. The figure was published as part of the paper (30) 

(MDPI Open Access License). 
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4.4.6. Immobilizing aptamers 

In order to immobilize ligands on silanized surface, first it has to be crosslinked; in our 

case we used GA whose aldehyde groups (-CHO) can be used to form imines for further 

immobilization (325). After treating with GA, it is expected that the surface either retains 

the same rms: same rms as silanized surface (0.18 nm) (385); becomes smoother: 

smoother layer was formed after GA on cellulose membrane (from rms 0.830 µm to 0.524 

µm) (386), smoother after GA on APTES (rms from 0.69 to 0.51 nm) (365). Although 

fewer studies report roughening of the surface (6.952 ± 2.555 nm) after incubating with 

GA resulting in evenly distributed nano-ridges (387). In this work, we also observed 

lowering surface rms (Figure 4.14). Surface roughness decrease after GA (rms) was from 

0.1 to 2 nm across the samples.  

Silanized +GA 

  

  

rms 2.0 nm  rms 447 pm 

Figure 4.14. AFM images of silanized SS before and after treatment with GA. The 

figure was published as part of the paper (30) (MDPI Open Access License). 
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After incubation with GA, the samples were also analyzed using CV. Binding of 

GA on silanized wires was confirmed by CV where after GA, treatment of the HT sample 

lowered the peak current and increased the peak-to-peak separation (Figure 4.15). In the 

literature, when treated with GA, the electrode’s (organoclay nanogold composite 

modified) (388) had lowered peak current and increased peak to peak separation. This 

was attributed to the insulating film of GA forming on the surface. Negatively charged 

GA had electrostatic repulsion with redox couple. 

 
Figure 4.15. Cyclic voltammograms of silanized SS electrode after treatment with GA. 

 

Silanization with APTES introduces amine groups and successive GA binding 

allows attaching either amine-modified aptamers. Commercially available aptamers were 

used instead of aptamers we selected (Chapter 3) since their binding with the target cells 

was not superior to other reported aptamers and binding analysis has not been done fully. 

CD44 aptamers were chosen as ligands for functionalization of SS wire since CD44 is an 

important BCSC marker and it is expressed in the target cells from Celprogen. CD44 

protein is one of the firstly discovered and well-known markers of BCSC (389). Together 

with other two markers (absence of CD24 and presence of ALDH1), CD44 is present on 

cells with the highest progenitor abilities within the breast tumor cells (66). 

In AFM, aptamer-treated surfaces showed smoother (mean roughness Ra from 

1.46 for bare to 1.36 nm) (390) or rougher (1.79 nm for bare to 2.53 nm for aptamer) 



127 
 

(391) surfaces in two different studies. We also observed a range of different results: 

smoother, rougher or similar in surface topography (Figure 4.16) but all of them showed 

that surface was modified after GA. 

 

  

 
rms 604 pm 

 
rms 939 pm 

Figure 4.16. AFM images of cross-linked SS (APTES+GA) before and after treatment 

with Aptamers. The figure was published as part of the paper (30) (MDPI Open Access 

License). 

 

Studying aptamers on electrode with CV by Arya et al (390) showed lowering of 

peak current; while (392) reported slight increase of current compared to GA surface; and 

lowered peak current and peak to peak separation (393). In this work, aptamer treated 

surface also had lowered current (Figure 4.17) suggesting blocking of electron transfer 

between redox couple and the surface by aptamer layer. 
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Figure 4.17. Cyclic voltammograms of silanized SS with crosslinker (APTES+GA) 

treated with aptamers (APTES+GA+Apt). 

 

After attaching ligands, unreacted GA sites after treatment with the ligands were 

blocked with ethanolamine. Unfortunately, not many results could be found on 

ethanolamine (both CV and AFM) in the literature. Lowering of peak current and 

increasing of peak to peak separation in CV after blocking ITO/glass with ethanolamine 

(linked with fullerene) was reported (370). In AFM, after blocking ITO/ZnO with 

ethanolmine, rms increased slightly from 1.86 to 1.96 nm (394). However, our results 

showed a dramatic increase in peak current. AFM images of samples after blocking show 

the presence of big structures. Washing with higher concentration of Tween-20 (0.1 

instead of 0.05%) seem to help reduce the structures. Some works observed that 1 M 

ethanolamine formed white opaque surface which was hard to wash without deteriorating 

the performance of the surface; ethanolamine concentration with optimal biosensor 

performance was 0.5 M (395). Blocking after aptamers resulted in various results in AFM 

in our work: same rms, increased and lowered. Given the results obtained on CV and 

AFM with 1M ethanolamine, its concentration was lowered to 0.5 M, Tween-20 

concentration during washing was increased and samples were washed with BB before 

being tested with the cells.  
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4.4.7. Testing the Surface to Capture Cells 

BCSC were chosen as target cells given their importance in BC diagnosis. These were 

well-characterized cells from patients with TN BC with a number of biomarkers and 

characteristics pertaining to BCSC as discussed in Table 3.2. Figure 4.18 shows the 

results of fluorescence imaging of the fully functionalized and control wires after 

incubation with the cells. Cells (blue-stained nucleus) are captured more on 

functionalized wires than on control. The importance of this test lies in showing that a 

biocompatible material as SS wire (which can be inserted as standard guidewire) can 

capture target cells crucial in BC disease. In order to be fully used, a number of additional 

experiments are required: testing the wire in blood-mimicking flow system, using other 

cells not expressing CD44 proteins, testing using different BCSC concentrations. 

 

Control wire + Cells Functionalized wire + Cells 

 
Figure 4.18. Ability of functionalized wires to capture BCSC by fluorescent 

microscopy. Images of  control (left) and functionalized (right) wires after DAPI 

staining. Different areas of the same sample are shown. The figure was published as 

part of the paper (30) (MDPI Open Access License). 

 

4.4.8. Conclusion 

Electropolishing conditions for SS were determined including distance between anode 

and cathode, applied potential and time. Electropolishing resulted in a smooth surface 

which was also found to be important for characterization using AFM. For silanization of 
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SS, applying –0.8V in electrodeposition is better than other applied potentials (–0.6; –1.0 

and –1.2V) and with increased applied potential surface roughness (rms) is increased and 

coverage is less even. Heat treatment after electrodeposition at 130°C give superior 

surface coverage compared to 70°C as demonstrated by AFM and FITC analysis. GA and 

aptamers were bound on the silanized surface according to AFM and CV. 

Electrodeposition, in terms of surface coverage, was better at pH 5 and 5.5 than at 4 and 

6.  Functionalized wire was able to capture BCSC as opposed to control wire when 

visualized on fluorescence microscope. 

Small diameter wires, given their ability to fit standard catheter and being covered 

with aptamers against BCSC biomarker could be important in diagnostics. After further 

assessment, they could be used in vivo to capture such rare cancerous cells as BCSC by 

processing a large volume of blood. Performance of functionalized surfaces (including 

sensitivity and stability) depend on such factors as the orientation of ligands, surface 

density and analyte-binding efficiency of the ligands after their immobilization (396). 

The future works could focus on optimizing aptamer immobilization by studying such 

parameters as immobilization buffer, aptamer concentration, linker length. Moreover, it 

was shown that using bivalent aptamers for multimerization enhances the avidity of 

aptamers (397). Similarly, obtaining wires densely populated with aptamers with active 

sites is important to obtain functional surface with high affinity. In order to increase its  

avidity, a bivalent aptamer consisting of CD44 aptamers and another aptamer against 

BCSC markers such as CD133 could be constructed and immobilized. 
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CHAPTER 5. FUNCTIONALIZATION AND CHARACTERIZATION OF 

OPTICAL FIBER BIOSENSOR: USING A WELL-KNOWN LIGAND-ANALYTE 

SYSTEM 

 

5.1. Abstract 

This chapter describes a biosensor based on an EFBG and ETFBG for thrombin detection. 

Using a widely used model system in biosensor development, namely thrombin and 

thrombin-binding aptamer (TBA), the surface of optical fiber sensor was modified to 

explore the possibility of developing a biosensor. Although it is still far from the ultimate 

aim – sensing cells using OF biosensors, the work described in this chapter is important 

because it is a first optical fiber biosensor based on EFBG for thrombin detection. The 

sensing system itself consists of an FBG/TFBG which is made sensitive to surrounding 

RI via chemical etching. The achieved RI sensitivity of the EFBG was 17.4 nm/RIU 

(refractive index unit) and up to 23.38 nm/RIU for ETFBG. For selective detection of the 

analyte, the surface of EFBG was treated with APTES and GA before immobilizing TBA. 

The performance of the biosensor was investigated with thrombin concentration. Despite 

numerous examples of thrombin biosensors based on optical fiber grating sensors (e.g. 

LPG, TFBG), this biosensor offers a fast fabrication process requiring only chemical 

etching with further functionalization where no gold sputtering or chemical vapor 

deposition equipment is required. Moreover, both EFBG and ETFBG have more 

possibilities in being multiplexed.  

The results reported herein were published as a research paper in Sensors (MDPI) 

Journal (31). Putting in terms of CRediT, my contribution to the above published paper 

is as follows: conceptualization (formulation of research goals and aims), designing 

methodology, validation, investigation (performing experiments and data collection), 

original draft preparation, and writing (review and editing). Part of the results were also 

published in Biosensors and Bioelectronics (Elsevier) (32) where my contribution was in 

developing silanization protocol, investigation and project administration. 

5.2. Introduction 

Thrombin is a protein which plays an important role in both pathological and normal 

blood coagulation with a normal concentration ranging from nanomolar to low 
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micromolar (398). Besides coagulation, its level can be increased during extra- and 

intravascular activation of blood coagulation by tumor cells (399). Thrombin is also 

involved in such diseases as atherosclerosis, thromboembolic disease, cancer and 

inflammatory disease (400, 401), and therefore detecting thrombin in blood is important 

both for research and clinical applications (402). Due to its clinical importance, there is a 

wide range of works aimed to detect thrombin and most of them are based on aptamers 

(398).  

First thrombin binding aptamer (TBA) was described in a work by Bock et al. 

(104) who selected aptamers against human α-thrombin. Among the selected aptamer 

candidates, one particular aptamer consisting of 29 nt and a dissociation constant (KD) of 

100 nM, was widely used in the upcoming studies. In another study Tasset et al. (105) 

selected a 15-mer aptamer against thrombin with a KD shown to be 0.5 nM, 200 times 

lower than 29-mer. When binding with the protein, both of these aptamers formed a G-

quadruplex with the target with a difference in binding site: 15-mer binds heparin binding 

site of thrombin while 29-mer binds fibrinogen-binding site (403). G-quadruplex are 

stabilized by four Guanine (G) bases forming planar structure by Hogsten hydrogen 

bonding. Aptamers containing G-quadruplexes in their structures have such advantages 

as thermodynamic and chemical stability, no immunogenicity and nuclease resistance 

(404). 

TBA-thrombin pair is a very widely used system to explore new biosensor 

possibilities. Using these two aptamers, numerous thrombin biosensors have been 

fabricated and they use aptamers coupled to different transduction schemes. such as 

chemiluminescence (405), electrochemiluminescence (406), electrochemistry (407), 

surface plasmon resonance (SPR) (408) and optical fiber gratings (409).  

Shevchenko et al. (408) developed a thrombin biosensor using TFBG  which was 

coated by a 50 nm gold layer. A thiolated, 15-mer TBA was attached on its surface by 

absorption.  It was possible to distinguish thrombin from other control proteins (BSA, 

pepsin, human serum). Later, Han et al. (410) fabricated a modified version of thrombin 

biosensor based on TFBG. Here, fiber surface was coated with gold and then with SAMs 

of 11-mercaptoundecanoic acid and thrombin aptamers. After adding analyte (thrombin), 

a second TBA attached to gold nanoparticle was applied. As a result of this sandwich 
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type assay, there was an increase in transmission intensity change compared to a single 

aptamer format, thus improving the sensitivity of thrombin detection.  A minimal cross-

sensitivity to the outside temperature was observed for this biosensor. Moreover, the 

obtained KD values were in a well agreement with those reported in the literature. Another 

study (300) focused on developing thrombin biosensor combining SPR effect with 

TFBG-based approach in a one sensor; it was able to detect small shifts due to analyte 

binding with high accuracy.   

Two types of optical fiber biosensors were compared in their ability to detect 

thrombin (10 to 100 nM): LPG and plasmonic (SPR) (411). Compared to LPG biosensor, 

SPR biosensor showed higher sensitivity probably due to its higher sensitivity to RI and 

insensitivity to thermal variations. A work by Arghir et al. (322) studied an improved 

fiber functionalization method. The fiber was coated with APTMS to provide thiol groups 

before gold coating. When compared to reference fiber without silanization, the silanized 

fiber showed an improvement in gold adhesion; moreover, the superior chemical and 

mechanical stability as well as usability of the sensor were reported.  

EFBG (or cladding-etched FBG) have also been recently investigated to measure 

RI (412). When ligand is immobilized on the EFBG surface and it interacts with the 

analyte, RI of the surface changes. This leads to a shift of Bragg wavelength and a change 

in grating reflectivity. Thus by analyzing FBG spectral changes (in transmission or 

reflection)the analyte concentration can be measured (291). EFBG fabrication using 

chemical etchants is a straghtforward and fast; the etchant itself (usually HF) is available 

and can remove the cladding from the fiber in a controlled way in short period of time. 

Another was of EFBG fabrication is through the use of laser micromachining station is 

not usually available in common laboratories and is less practical (413). Having less 

sensitivity to the change of the outer RI compared to TFBG, LPG or SPR-assisted LPG 

and FBG, EFBG has their own advantages. They are more simple in tuning their 

sensitivity to RI (414). TFBG and LPG work in a transmission mode, while EFBG 

measures reflection and does not need a polarization control  (415). An additional step of 

fabricating a broadband mirror on the cleaved tip (often as a thin film) is required to them 

to work in reflection (300). Multiple resonance peaks of LPG limited its multiplexing 

capabilities; its broad line-width at full-width at half maximum also puts some limitations 
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on its measurement accuracy (416). Studies on improving the gold adhesion for 

plasmonic optical fiber sensors are being researched (322) but this still does not alleviate 

the need in special equipment to deposit gold (322) or the use of gold nanoparticles (417). 

Alternatively, the glass surface of EFBG can be silanized with different silane-coupling 

agents producing different functional groups for further immobilization of bioreceptors 

without the need of deposition of gold layer. Due to these advantages of EFBG sensors, 

we aimed at using it as a platform for biosensor development. In this chapter, we report 

an EFBG-based biosensor based on a grating which operates in the third optical window. 

TBA and thrombin were selected as a ligand-analyte system due to its well-characterized 

nature and high affinity of the ligand towards the analyte. 

 

5.3. Materials and Methods 

5.3.1. Materials 

For EFBG, single-mode pure silica fibers (SMF-28C, 10/125 µm core/cladding 

diameter) were purchased from Technica S.A. They had inscribed Bragg gratings (1.0 cm 

length, >90% reflectivity, ~1550 nm central wavelength) in their sensing region. TFBG 

photo-inscription was made as described in (32). The following reagents used in this 

chapter were purchased from Sigma Aldrich: oleic acid, APTES, GA, phosphate buffered 

saline (PBS), thrombin protein, sulfuric acid. Sucrose, acetone, sodium dodecyl sulfate 

(SDS), BSA, Tris-HCl, KCl, MgCl2, NaCl were from ThermoFisher Scientific. TBA with 

amine modification on its 5’-end (5’-AmC6FTTTTT-

AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3’) was synthesized by Sigma 

Aldrich. Buffers used for experiments are shown in Table 5.1. 
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Buffer name Used in step Composition Reference 
Sodium citrate 

buffer 
 

Resuspension of stock 
thrombin protein 

100 mM sodium citrate, 
100 mM citric acid 

* 

Affinity buffer 
 

Sensor-aptamer + 
thrombin 

50 mM Tris-HCl pH 7.4, 
250 mM NaCl, 5 mM 
MgCl2 

(105) 

Measurement 
buffer 
 

Regeneration 10 mM Tris-HCl pH 7.4, 
100 mM KCl 

(411) 

Table 5.1. Buffers used for fabrication of EFBG biosensor for thrombin detection 

* - manufacturer’s recommendation 

 

5.3.2. Setup 

Figure 5.1 shows the setup used for the development and interrogation of the thrombin 

biosensor. An FBG sensor was attached to a stick (which is resistant to solutions used 

during functionalization such as HF, Piranha solution) and was calibrated and treated as 

mentioned further. The peak wavelength shift and the reflection spectra of FBG during 

calibration, functionalization and analysis were measured using a si255 optical sensing 

interrogator (Micron Optics Inc.). Having a resolution, of 8 pm over 160 nm bandwidth 

(20,000 points for wavelength grid), it is able to distinguish area of 8 pm between two 

detected signals. Interrogator has eight physically separated channels which allow 

obtaining signal from eight different sensors at a time. The light source of this interrogator 

system consists of a wide-range swept wavelength laser; it can scan a range of wavelength 

from 1460 to 1620 nm. EFBG spectra throughout fabrication and functionalization steps, 

as well as during real-time detection of analyte have been detected by the instrument. The 

interrogator performs the spectral measurement of the reflection spectra of each grating; 

A signal processing technique (described in (418)) named the centroid demodulation of 

the spectrum was used to estimate the Bragg wavelength from the EFBG spectra. This 

technique allows achieving a LOD of ~0.2 pm.  
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Figure 5.1. Setup used for developing a thrombin EFBG biosensor: EFBG was 

attached to a plastic stick (shown in green) and connected to optical sensing 

interrogator for data acquisition during measurements before data analysis. 

 

For ETFBG, its peak wavelength shift and the reflection spectra of the ETFBG 

were measured on Optical Backscatter Reflectometer (OBR 4600, Luna Inc.). This OBR 

has a resolution of 8 pm, and operates in a wavelength window from 1530 to 1616.4 nm 

with an operating in distributed sensing mode at a speed of 3 Hz. 

 

5.3.3. Etching and calibration 

The buffer coating surrounding the FBG was stripped with stripper and the layer 

protecting the active sensing area was removed using acetone. To ensure that etching 

occurs in the tip and protect the fiber from mechanical damages, the sensor was attached 

to a plastic stick (diameter about 4 cm; length 20 cm). The grating area of the sensor was 

then etched in an HF solution (48% concentration) topped with oleic acid (for protection 

of the etched fiber and the environment (292)) in a fume hood (Waldner Secuflow airflow 

controller) at room temperature (25°C). After etching, EFBG was calibrated in solutions 

with different RI: sucrose in water (1.5; 3.1; 6.2; 12.5; 25.0 and 50.0% weight/volume 

(w/v)). In our studies, we used calibrated solutions of sucrose with estimated refractive 

indices according to (419). In total several FBG sensors were etched and calibrated. 

TFBG was also etched in HF and calibrated in sucrose solutions with known RI. 
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Figure 5.2. Schematic overview of thrombin biosensor based on etched FBG.  

 

5.3.4. Silanization of FBG sensors 

Schematic overview of thrombin biosensor based on etched FBG is sketched in Figure 

5.2. EFBG was immersed into Piranha solution containing H2SO4:H2O2 (3:1 ration; v/v) 

in order to clean the surface and increase its hydrophilicity before functionalization. After 

treatment with Piranha, it was silanized with APTES (1% in absolute ethanol) for 30 min 

and then rinsed with ethanol. To catalyze the reaction between silica and the SCA, sensor 

was heat treated at 110°C for 30 min and incubated in 25% GA in PBS for 1 hour (420) 

and washed in water (421). Immediately after treating with the cross-linker, sensor was 

treated with aminated thrombin aptamers for 4 hours. To wash away the unbound 

aptamers, the surface was washed with 0.2% sodium dodecyl sulfate in PBS. In order to 

reduce non-specific binding, it was blocked with 1% BSA in PBS for 30 min. In order to 

test the performance of biosensor, EFBG with immobilized aptamers was incubated with 

thrombin protein in different concentrations (10, 20, 40, 80 nM in affinity buffer) for 2 

hours each. ETFBG was silanized and cross-linked similar to EFBG as above and then 
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incubated with aminated aptamers for at least two hours. After functionalization, it was 

used to measure thrombin in different concentrations (0.625 to 40 nM in PBS) for 15 min. 

 

5.3.5. AFM analysis of the functionalized surface 

Topography of the surface was studied using AFM as described in Section 4.3.7 with the 

following modifications: scan range 1500 nm in X-Y with scanning rate 0.2 Hz.  

 
Figure 5.3. Overview of developing biosensor based on etched FBG 

 

5.4. Results 

EFBG biosensor was fabricated according to a schematic shown in Figure 5.3. In order 

to remove the cladding and make the FBG sensitive to the surrounding RI, it was 

immersed in a solution of HF at 48%, maintained at room temperature in a fume hood. 

As a result of etching, diameter of cladding is reduced progressively and sensitivity starts 

to appear. Figure 5.4. shows a shift of a Bragg wavelength from the original FBG 

(1549.98 nm), after the grating has been etched to a diameter of approximately 25 µm. 

Etching results in a change of both wavelength and a reduction of FBG peak: wavelength 

shift of -2.1 nm and 11.6 dB reduction. This corresponds to the evanescent wave effect 

of the etched sensor, resulting in this extra attenuation on both the forward and backward 

waves.  
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Figure 5.4. Spectra of the FBG prior etching and after etching the FBG using 

hydrofluoric acid. The graphic shows spectra observed on the FBG interrogator. The 

figure published as part of the paper (31) (MDPI Open Access License). 

 

EFBG was then calibrated for determining its sensitivity to RI using a method 

previously used in (415). This was done by immersing it into water/sucrose solutions 

(1.6%, 3.1%, 6.3%, 12.5%, 25.0%) with different RI; the RI change is ~1.85×10-3 RIU 

for each 1% of sucrose, for such values of RI. As seen in Figure 5.5, when the RI 

increases, the wavelength shifts towards the longest values. As a result, an estimated 

sensitivity of 17.4 nm/RIU and linearity coefficient 0.993 is obtained. 
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Figure 5.5. Results of calibration of the EFBG using sucrose dissolved in water (1.5; 

3.1; 6.2; 12.5; 25.0 and 50.0% w/v) which have different RI  and the corresponding 

wavelength shift (1.5% set at 0). Sensitivity (17.4 nm/RIU) is estimated using linear 

regression. The figure published as part of the paper (31) (MDPI Open Access License). 

 

In order to confirm surface modification, the surfaces of control samples which 

were treated the same way as sensors, were studied on AFM using a super-sharp 

cantilever. Figure 5.6. shows high-resolution AFM topographical images of control 

etched glass optical fiber surfaces without treatment, treated with APTES and GA. An 

increased roughness of the surface with the larger particles can be seen from the figure.  
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Figure 5.6. High-resolution AFM topographical images of etched glass surface before 

after functionalization in air: 2D (left column) and 3D (right column). A) Etched surface 

(not functionalized); B) Etched + silanized (APTES); C) Etched + APTES + crosslinker 

(GA). Scanning sizes: XY 1.5 µm x 1.5 µm; average height: -200 to +200 nm. The 

figure published as part of the paper (31) (MDPI Open Access License). 

 

 
Figure 5.7. Dynamic of Bragg wavelength through the fabrication and functionalization 

of the EFBG thrombin biosensor. Graphic shows the estimated Bragg wavelength after 

each fabrication step (before thrombin detection). The figure published as part of the 

paper (31) (MDPI Open Access License). 



142 
 

  
Figure 5.7 shows dynamic of Bragg wavelength through the fabrication and 

functionalization of the EFBG thrombin biosensor. Graphic shows the estimated Bragg 

wavelength after each fabrication step (before thrombin detection). The results of the 

main measurements, i.e. Bragg wavelength shift observed during incubation of EFBG 

functionalized with TBA with thrombin is shown in Figure 5.8. Results for 70 min 

detection of thrombin at different concentrations 10 nM to 80 nM is shown to different 

concentrations of thrombin as exposure time progresses. At the first moment of exposure 

all measurements have been initialized by setting the time to zero, and the wavelength is 

tracked with a 10 s sampling rate. Thrombin is washed out from sensor using 

measurement buffer after each measurement. During the initial several minutes, deviation 

of the Bragg wavelength progressively from the initial position, (few picometers) which 

probably occurs due to instrument drift or binding-rebinding of thrombin on the sensor 

surface. So, in the beginning of the measurement, we observe that sensor has not reached 

the regime and the wavelength appears to float. But then after some time (ca. 20 min 

onwards), the response at different concentrations appear to stabilize. During the rest of 

the measurement, the Bragg wavelength appears to remain quite stable. Given the time 

required for clinical testing, 20 min can be considered as sufficient time (407).  
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Figure 5.8. Bragg wavelength shift observed during incubation of  EFBG 

functionalized with thrombin-binding aptamer with thrombin. Results for 70 min 

detection of thrombin at different concentrations 10 nM to 80 nM is shown. The figure 

published as part of the paper (31) (MDPI Open Access License). 

 
The results of Bragg wavelength shift observed during incubation of  

functionalized sensor with thrombin (Figure 5.8) have been further analyzed for the 

evaluation of the sensor response over time and to evaluate the uncertainty. Figure 5.9a 

shows a plot of Bragg wavelength shift recorded over one minute against different 

thrombin concentrations. When the thrombin is measured at 10 nM, it is difficult to  

distinguish the wavelength shift change over time but then this is improved at higher 

concentrations of thrombin. Moreover, at constant thrombin concentrations, accuracy of 

the sensor was estimated as the standard deviation of the Bragg wavelength change 

recorded over one minute (Figure 5.9b). We can clearly see an improved accuracy of 

measurement. For most of the measurements, a range of 0.05 to 0.3 pm the Bragg 

wavelength deviation is observed. This is the same value estimated for the Bragg 

wavelength detection on the interrogator (0.2 pm).   
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Figure 5.9. Results of the response of EFBG functionalized with thrombin-binding 

aptamer to thrombin: (a) Bragg wavelength shift observed for different thrombin 

concentrations after 10, 20, 30, and 40 min (b) detection accuracy (estimated as the 

standard deviation of the wavelength recorded over one-minute exposure). The figure 

published as part of the paper (31) (MDPI Open Access License). 

 
 When TFBG was etched (Figure 5.10 A), the overall diameter was decreased 

from 125 to 13 µm with a characteristic spectral evolution. An overall increase in 

bandwidth occurs as the etching progresses because of mode escaping to the surrounding 

media. Wavelength span between cladding modes increased as the diameter of fiber 

decreased. After etching, ETFBG with different diameters were immersed in calibration 

solutions with different RI (Figure 5.10 B), and spectral changes were analyzed (for 

modes 1568.5 and 1569.5 nm). With increased etching, the sensitivity to RI also 

increased: 23.38 nm/RIU for 13 µm and 1.25 nm/RIU for non-etched TFBG.  
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Figure 5.10. (A) Reflection spectra of TFBG during etching; (B) Spectral change of the 

ETFBG (d ¼ 94 μm) in calibration solutions (sucrose); inset: zoom of the analyzed 

modes. Published as part of (32) (Elsevier Permission: Personal use of work by 

Authors). 

 

 Results for thrombin detection by ETFBG (sensitivity to RI 2.53 nm/RIU and 

dimeter 94µm) are shown in Figure 5.11. The sensor was immersed in different 

thrombin concentrations (2.5-40 nM) and cladding modes between 1256 and 1529.1 nm 

were observed (Figure 5.11A). A red shift is observed as thrombin concentration is 

increased. When thrombin detection was analyzed on three modes in proximity of the 

leftmost part of the detection window (Figure 5.11B), surface sensiitivities of 2.3; 2.8 

and 3.3 pm/nM were estimated. Theoretical LOD for two of the estimated modes was 

found to be 0.110 nM and 0.75 nM. 
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Figure 5.11. (A) Reflection spectra of ETFBG during the detection of the analyte 

(thrombin 2.5 nM, 10 nM, 20 nM and 40 nM). (B) Results of analyte measurement 

(wavelength shift as a function of the thrombin concentration) for the 3 most sensitive 

modes. Error bar range: -0.44 to þ0.45 pm. Published as part of (32) (Elsevier 

Permission: Personal use of work by Authors). 

 
 

5.5. Discussion 

In order to make FBG sensitive to RI for its further use as a sensor, its cladding has to be 

depleted so that the interaction of the evanescent wave field of the propagating mode and 

surrounding medium or analyte can occur (281). While there are different ways of 

removing cladding, chemical etching using HF is one of the advantageous methods due 

to its simplicity and wide use (292). Just in few minutes HF can etch a diaphragm with a 
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fast operating rate (422). When the grating is being etched, its spectrum is monitored in 

order to track the wavelength shift due to the change of sensitivity of the EFBG to external 

refractive index. By linearizing the relationship of fiber diameter from time as observed 

under microscope, it has been estimated that an etching rate of approximately (3.7 ± 0.5) 

µm/min was achieved; this was estimated on a control.  

When the fiber diameter is decreased (from 125 µm to 25 µm) a shift in Bragg 

wavelength of 2.1 nm is measured. This shift happens both due to a nearby temperature 

increment of the chemical response as well as due to diminish of the cladding thickness 

(414). A quick diminish of Bragg wavelength was seen after fiber diameter comes to 20 

µm since of an expanding interaction between HF and essential guided mode of the fiber 

(289). With a longer etching process a thinner cladding of a fiber is achieved and as a 

result the largest sensitivity is obtained as observed in (423). However, with a longer 

etching process evanescent field is also increasingly arise leading to multi-modality of 

sensor. Multimodal FBG spectrum is significantly enlarged and has a different from an 

original shape of spectrum. The obtained FBG spectrum can still be detected by the FBG 

interrogator, and the wavelength shift corresponds to the change of sensitivity to the 

surrounding RI. A larger diameter of the etched fiber gives a higher mechanical strength. 

As Figure 5.4 demonstrates, etching FBG resulted in a sensor sensitive to the surrounding 

RI which suggests it is possible to be used as a biosensor. Similarly, ETFBG becomes 

more sensitive to RI of solutions and is superior to non-etched TFBG (1.25 nm/RIU). 

Etching TFBG affects the spectrum in calibration solutions by acting on the separation of 

cladding modes. The mode of interest was chosen according to its sensitivity and 

persistence (quantitative nm/RIU value at larger RI range; presence of the mode in 

interrogation window and never failing below cut-off). 

 In this work, TBA on the surface of two types of FBG (EFBG and TFBG) after 

etching was immobilized using APTES and GA. In one of the earlier studies, LPG sensor 

was also functionalized with APTES and then with GA for attachment of ligand to 

fabricate stable label-free biosensor for bacteria detection (424). Very often, the surface 

of optical fiber is hydroxylated before its functionalization and Piranha solution is one of 

the frequently used ones; it also cleans the surface. When etched fiber fiber sensor was 

treated with Piranha solution resulted in an increase of the wavelength in the beginning 
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with a slight decrease afterwards; an overall shift of approximately 0.5 nm was observed 

(Figure 5.7). To fabricate a biosensor a ligand specific to an analyte of interest has to be 

attached on optical fiber. One method of attaching a ligand on the surface of FBG is 

silanization. It was observed that immobilization of APTES is progressed more rapidly 

in the beginning and is stabilized after 15 min. For instance, a final shift of 0.46 nm 

occurred during its attachment. Saini et al. (278) observed a Bragg wavelength shift of 

28 pm during attachment of 1% APTES on FBG which was also observed during the first 

15 min of incubation.  

AFM is a popular technique of analyzing the morphology of the modified surfaces. 

Control samples were treated in the same manner as FBG sensors and were analyzed 

using AFM. Results show that with each step of modification the surface morphology 

gets rougher (Figure 5.6) in the following order: etched < silanized < crosslinked thus 

confirming successful modification of the studied surfaces. These obtained results are 

similar to increased roughness demonstrated obtained by Sun et al. on FBG (325). 

Various thickness of APTES layers were reported in the literature: 0.7 nm (on Silicon 

wire) (420) or 1.8 nm. For some regions on the image it is clearly shown that the thickness 

of APTES, GA in our study was shown in a range of 1 -5 nm.  Such a dissimilarity within 

the obtained thickness might be due to the number of layers shaped on the surface and for 

a few ranges on the etched fiber were non-homogenously conveyed APTES, GA particles 

all through the fiber surface. 

After attaching TBA on the surface, its performance was tested by incubating in 

different thrombin concentrations. Usually, clinically relevant concentrations of 

biomarkers depend on the diseases. In case of blood coagulation disorders, thrombin 

concentration changes in a range from 1 to 500 nM and thus biosensors able to detect this 

range would be of clinical use (408). Concentrations of thrombin used in the work (10-

80 nM) was similar to those used in this work by Coelho et al (411). For all measured 

concentrations of thrombin there was a propensity of increased output signal for 

functionalized biosensors. In the same work (411), they were able to detect 10 nM 

thrombin with a wavelength shift of 3.5 nm and a resolution of 0.54 nM. In spite of the 

fact that our biosensor has a lower performance, the EFBG strategy with silanization-

based functionalization utilized in this research is appealing since it combines the 
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highlights of fiber optic biosensors with an effortless manufacture process. EFBG differs 

in term of its working principle than other grating-based technologies: a simple 

measurement of the Bragg wavelength in reflection. This feature has been is already 

integrated in most commercially available interrogators and thus does not require 

additional manufacturing steps. Compared to EFBG, TFBG and LPG with thin metal 

coating operate in transmission. This is not very practical for a sensing probe because 

light must be transmitted through the sensing region. A mirror has to be fabricated on the 

sensor tip to detect the transmission reflection spectrum; however, this fabrication 

requires an additional step. There are two main alternatives to grating sensors: tapers and 

SPR sensors based on optical fibers; however, they are also harder to manufacture. 

Sensors base on tapers are very fragile and its fabrication process results in a low 

throughput for narrow tapers. Typically, sensitivity of optical fiber sensors using SPR  

phenomena is in orders of magnitude sensitive (nm/RIU figure) higher than EFBG 

sensors. For its operation, SPR needs a polarization control and it operates in transmission 

and SPR signal detection is based on a large spectral hole. Single mode EFBG, on the 

other hand, has a small shift of a narrow spectrum which can be implemented using signal 

processing methods (418). Typical accuracy ranges are 0.1–1 pm for this method. As the 

previous figures demonstrate, detecting range at the tens of nM level, is compatible with 

many biosensors applications. The diminished sensitivity has moreover the result of 

bringing down the amount of evanescent power disseminated within the surrounding of 

the biosensor. Another advantage of the EFBG with regard to the other strategies is that 

EFBG’s spectrum is in a narrow wavelength range, which permits a proficient use of the 

bandwidth and the plausibility to make sensing networks by stacking numerous sensors 

within the same fiber. Within the future, by utilizing different detecting regions, it will be 

conceivable to identify diverse analytes (other biomarkers) or utilizing controls (for 

temperature remuneration or other proteins) on the same fiber. Moreover, because EFBG 

sensors work in reflection mode, they are more compatible for building in vivo sensors 

compared to LPG and tilted FBG sensors which work in transmission. 

Similarly, TFBG has been etched and silanized to produce thrombin biosensor with 

a maximum sensitivity of 3.3 pm/nM. Although the estimated theoretical LOD are one 
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magnitude lower than those reported for other grating sensors, these sensors also require 

thin film deposition with its added work as discussed above.   

Using a similar surface modification method, it could be possible to immobilize 

aptamers against BCSC on optical fibers in order develop biosensor for their detection. 

Compared to a platform for their detection in vein, that having advantage of processing 

large volume of blood, is not actually a biosensor. TFBG coated with gold and them SAM 

with carboxylic acids was formed for immobilization of antibodies against EGFR (425). 

Detection range of the selective biosensor was from 2×106 to 5×106 cells/ml. EGFR-

overexpressing human epidermoid carcinoma cells (A431) served as target cells while 

EGFR-negative uveal melanoma cells (OCM-1) were used as controls. Using optical 

vector analyzer, the binding of cells to functionalized OF was monitored and signal 

recorded. Optical fibers were used as transducer elements in label-free biosensors in 

different configurations. These biosensors were used for detection of various analytes: 

hydrogen peroxide (426), glucose (426), dopamine (427), DNA (275, 408), antibodies 

(428, 429) and other proteins (300, 323, 430-432), hemoglobin (433), virus (434, 435) 

and microbial cells (436-438). Developing a biosensor for in vivo sensing and also 

sensing cells – label-free 

Possibility to detect cancer biomarker in tissues has been demonstrated by a 

plasmonic optical fiber biosensor (326). It was used to sense cytokeratin 17 in porous gel 

matrix and also in a preliminary test in a human lung tissue thus making a possibility to 

use optical fiber in vivo closer. Gold coated TFBG sensor with immobilized antibodies 

was used to detect cancer cells overexpressing EGFR membrane proteins (439). 

Compared to cancer cells control cells (with low expression of EGFR) showed a signal 

similar to those of background (growth media). In another study, human acute leukemia 

cell with difference in intracellular densities (separated by discontinuous sucrose gradient 

centrifugation) were detected using TFBG sensor (440). This was made possible by using 

a novel data analysis technique for differential polarimetric spectral transmission. It was 

possible to detect RI changes comparable with those detected using plasmonic TFBG 

without the need in precisely controlled gold layer. Moreover, LOD values obtained for 

detection of various  analytes in case of EFBG are 0.5 nM (concanavalin A), 1.0 nM 
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(glucose) for EFBG and up to 8 pM (biotin) for TFBG (287). This shows that these 

platforms have promising applications in biosensing.  

Apart from the above-mentioned studies, several works demonstrating the use of 

optical fiber sensors to study the response of cells attached to fiber to different analytes 

are known. One study showed successful monitoring of cell activation thus opening 

possibility for new tools in clinical diagnosis based on  measuring cell functions in a real-

time manner (441). Optical fibers forming high-density arrays loaded with cells can be 

used as sensing elements for studying the response of attached cells to different 

compounds (442). Photonic crystal fiber-based biosensors might be better suited for 

detecting cells or using them as sensing elements as demonstrated by several studies. 

Prostate cancer cells were detected using biosensor utilizing photonic-crystal and total 

internal reflection thus being an alternative to detecting prostate specific antigen which 

has issues as low specificity (443).  

 

 

5.6. Conclusions 

In this chapter, we report, to the best of our knowledge, a first biosensor for thrombin 

detection based on an etched standard EFBG. The fabrication process consisted of 

rendering FBG sensitive to surrounding RI. This was done by etching FBG which resulted 

in the sensitivity of the EFBG Bragg wavelength with respect to RI is 17.4 nm/RIU (when 

tested in different sucrose concentrations). For selective sensing of the analyte of interest, 

the fiber is functionalized by silanization with APTES and immobilizing thrombin 

binding aptamer. AFM measurements of the modified control surfaces (etched => etched 

+ APTES => etched + APTES + GA) showed increased roughness suggesting successful 

modification of the surface. When the fabricated biosensor was exposed to different 

concentrations of thrombin (from 10 to 80 nM), different shift in Bragg wavelength for 

each concentration was observed: 0.5 (10 nM), 2 (20 nM), 4 (40 nM), 7 pm (80 nM) with 

standard deviation of 0.3 pm. Moreover, by using the same surface chemistry on other 

grating sensor, namely TFBG after etching, the overall performance of the sensor were 

improved: sensitivity to RI after etching and for thrombin detection. Thrombin 

concentrations used in this work  were in the range of clinically relevant values. Although 
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performance of the biosensor is not as good (in terms of sensitivity) compared to other 

FBG-based biosensors, this can be compensated by the ease of fabrication, cost 

effectiveness and easier data analysis. Future work can be addressed to improve the 

fabrication process, and functionalizing other aptamers for use in other biosensing 

applications such as for detection of biomarkers associated with BCSC. 
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LIMITATIONS OF THE WORK AND FUTURE PERSPECTIVES 

As all experimental studies, this work is also not free from its limitations. One of them, 

lies in the aptamers: a very small fraction of the selected aptamers were tested for their 

ability to bind target cells and hey do not have superior performance over already selected 

aptamers in the literature. Due to their performance, they could not be used for surface 

functionalization. Instead, aptamers available in the literature which bind to proteins on 

our target cells were sought and used in modification experiments. Also, after each step 

of modification, chemical groups on the surface could not be confirmed by such 

techniques as FTIR, X-ray photoelectron spectroscopy (XPS) or Raman spectroscopy. 

Attempts were made to use FTIR but failed due to thinness of our samples; while XPS is 

not available in our facilities. The application of Raman spectroscopy to our samples 

seems to require more optimizations and expert advice. Lack of these techniques was 

partially compensated by the use of combination of CV, AFM, EDS and FITC analysis. 

One important aspect requiring study for any device with potential use in human body is 

cytotoxicity. This was unfortunately not studied because it was out of scope of the study 

due time limit.  

In the future, more binding analysis for other selected sequences is needed to find 

the better binders among them. Another interesting approach is analysing the affinity of 

the sequences from NGS to proteins present on the cells with available crystal structures 

(for instance CD44 or CD133) using virtual docking or in silico screening approach. This 

would allow analyzing more sequences and narrow down potential candidates before 

experimental analysis. In characterizing of modifies surfaces performing additional 

electrochemical impedance spectroscopy (EIS) for the samples at each functionalization 

step could be an additional prove of surface modification. In the literature, EIS has been 

used for characterizing SS in different works (199, 269, 271, 353, 444). Most importantly, 

the functionalized surfaces need to be evaluated for their isolation of the actual BCSC 

more thoroughly. For this, an in vitro model mimicking blood flow consisting of 

peristaltic pump and tube is planned to be used. Apart from fluorescent microscope, 

another way to study the surface with the cells are SEM, CV and EIS analysis as done by 

(269).   
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OVERALL CONCLUSION 

BC remains the most common cancer type among women worldwide. Metastasis, relapse 

and recurrence of BC are thought to occur due to a small subset of cells called BCSC. 

Thus, both developing platforms for their detection and isolation and finding new ligands 

binding these cells are important in improving BC diagnosis and treatment. In this work, 

in order to find new ligands against BCSC, FACS-SELEX was employed.  Binding of 

the aptamer candidates was studied with IFC which, to the best of our knowledge has not 

been used for aptamer characterization, showing more binding to the target cells than 

control cells. Despite having lower performance compared to commercially available 

aptamers, the selected sequences, to the best of our knowledge, would be the thirdly 

reported synthetic ligands against BCSC (and not regular BC cells). Furthermore, SELEX 

was performed without the prior knowledge of its target and target cells have more 

characteristics associated with CSC than other reported studies ((12), (163)). Target cells 

were derived from a patient with a TN BC which does not respond to hormonal therapies. 

Also, this study is one of the first examples of using IFC in analyzing aptamer binding to 

cells.  

Another task of the thesis was functionalizing SS wire with bioprobes with an 

ultimate goal of capturing BCSC. Finding appropriate methods for silanization of SS and 

characterization of functionalized wires were the main bottleneck in this work. Earlier 

attempts of directly dip-coating SS were unsuccessful (at least with characterization 

methods used at that time). Electrodeposition of silane coating was the only available 

method thought suitable and available; and hence was attempted in this work. Non-

pretreated samples (after sonication only) after electrodeposition were not distinguishable 

from one another on AFM due to intrinsic roughness of the pretreated samples. 

Electropolishing of the sample allowed the use of AFM as a characterization method. 

Electrodeposition temperature, pH of solution and applied potential have been determined 

for optimized silanization. FITC analysis after silanization has been evaluated. Also CV 

was found to be a suitable method for characterizing each functionalization step. After 

silanization, the surface was bound with crosslinker and aptamers. Optimized conditions 

of silanization (applied potential, solution pH, heat treatment temperature) for obtaining 

an aptamer-functionalized wire were determined in this work together with the use of 
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several surface characterization techniques suitable for small-sized and circular wires. 

These modified wires have potential applications for the in vivo capture of target cells in 

blood flow, since their small size allows their insertion as standard guidewires in 

biomedical devices. 

Using similar chemistry for functionalizing SS, another platform based on an 

etched standard FBG for biosensor development was investigated. For this, FBG was 

fabricated to be sensitive to surrounding RI by wet-etching resulting in the sensitivity to 

the surrounding RI to be 17.4 nm/RIU when tested in different concentrations of sucrose. 

The fiber was then functionalized with APTES and GA for immobilizing thrombin 

binding aptamer. AFM measurement results of the modified control surfaces at each step 

of functionalization, suggest successful modification of the surface. The fabricated 

biosensor was tested to detect various concentrations of thrombin (10-80 nM) resulting 

in different shift in Bragg wavelength for each concentration ranging from 0.5-7 pm (±0.3 

pm). Lower performance of the biosensor when compared to other FBG-based biosensors 

could be compensated by the relative ease and cost effectiveness of the fabrication 

process, as well as easier data analysis. In the future, by improving the fabrication process 

and functionalizing aptamers against other targets such as biomarkers associated with 

BCSC, biosensor for BC detection could also be fabricated. 

In conclusion, the first sub-hypothesis of the work was proven to be true since the 

aptamers against BCSC have been selected. Selected aptamers were found to bind to 

target cells more than to control cells and their binding has to be further studied. Most 

importantly, there are plenty of uncharacterized aptamer candidates which could be better 

binders and this study is one of the first examples of using such an emerging and 

promising tool as IFC in the characterization of aptamers. Despite that in the second sub-

hypothesis immobilized aptamers were from a commercial source (not selected 

aptamers), the overall aim of functionalizing SS wire with aptamers against BCSC has 

been achieved. The third sub-hypothesis was also proven to be true, because optical fiber 

sensor based on model aptamers was successfully built.  As a result, the overall hypothesis 

of the work was proven to be true taking into account the future works as discussed above: 

characterization of other aptamer candidates, further in vitro studies of the functionalized 
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wires (blood mimicking flow system and exploring more sophisticated optical fiber based 

systems for building biosensor for BCSC detection.  
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