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ABSTRACT 
 

Breast cancer is the most common cancer diagnosed in Canadian women, accounting for 

26% of all newly diagnosed cancers in women. Metastatic breast cancer (MBC) is the stage of 

cancer where the disease has spread to distant parts of the body, further than the axillary lymph 

nodes. Breast cancer cells that leave the primary tumor to the blood are called circulating tumor 

cells (CTCs). Studying CTCs allows for better understanding of the metastases process. The 

detection of CTCs is a challenging task due to the heterogeneous nature of CTCs and lack of 

biomarkers. There is an urgent need to identify more biomarkers to help in the detection of CTCs 

from breast cancer. 

 

Mammaglobin B (MGB2) and mammaglobin A (MGB1) proteins are small secretory 

proteins that are believed to have roles in cancer development, immune system regulation, and 

androgen binding. MGB2 is found at high levels in many secretions, including those from uterine, 

prostatic, pulmonary, and lacrimal and salivary glands, whereas MGB1 expression is exclusive to 

the breast tissue. Since both proteins are overexpressed in most cases of metastatic breast 

cancer,, MGB2 and MGB1 are very attractive biomarkers that could be used in the detection of 

breast cancer and breast CTCs. 

 

Aptamers are powerful recognition elements. They are single-stranded ssDNA or RNA 

oligonucleotides that bind to their targets with high affinity and selectivity. Aptamers are 

chemically produced via a process called Systematic Evolution of Ligands by EXponential 

enrichment (SELEX). SELEX is an iterative in vitro processwhich enriches target-binding 

sequencesfrom randomized large ssDNA or RNA libraries. In each round of SELEX, target–binding 

sequences are eluted from target molecules, amplified, and used as the library for subsequent 

rounds. This process results in an aptamer with high affinity and specificity for the target. 

 

In this work, a group of aptamers against MGB2 and MGB1 proteins were developed for 

the first time using a unique type of SELEX called hybrid SELEX, in which the ssDNA library was 

alternated between two targets that are the recombinant form of both MGB2, and MGB1 

proteins and breast cancer cells MCF7 and MDA-MB-415 respectively.  
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All selected aptamers were then tested for their affinity by determining the dissociation 

constant (Kd) using flow cytometry. Aptamers were tested for their selectivity by testing their 

affinities to other normal and cancer cell lines. Aptamers for both targets that had the highest 

affinity and selectivity were further tested for their binding affinity to their target cancer cell lines 

in plasma and whole blood lysate environments using flow cytometry. Aptamers for both targets 

were tested for their binding affinity in blood containing normal blood cells and spiked with 

different percentages of target breast cancer cells. The binding affinity of the selected aptamers 

was tested against their target proteins using Electrophoretic Mobility Shift Assay (EMSA). Finally, 

and for the first time, the selected aptamers against the two targets were tested to detect breast 

cancer cells using Terahertz Chemical Microscopy (TCM). 

 

Results obtained by this study revealed the successful selection of a group of aptamers 

against MGB2 and MGB1 proteins. Among all the selected aptamers, mammaglobin B1 (MAMB1) 

against MGB2 (MCF7 cell line), and mammaglobin A2 (MAMA2) against MGB1 (MDA-MB-415 cell 

line) showed the highest affinities to their targets (as indicated by their Kd values). Moreover, 

these aptamers showed minimal binding to normal and other cancer cell lines, indicating the high 

selectivity to their target breast cancer cells. Plasma and whole blood lysate results showed that 

MAMB1 and MAMA2 aptamers bound specifically to MCF7 and MDA-MB-415 cells respectively. 

MAMB1 showed higher affinity to MCF7 than MAMA2 showed to MDA-MB-415 cells. Moreover, 

the study with spiked breast cancer cells showed an increase in the fluorescence intensity with 

increasing percentages of spiked cells for both aptamers, indicating the great potential to use 

both aptamers in the detection of breast CTCs. 

 

TCM results showed that terahertz (THz) amplitude was higher when MAMB1 was 

interacting with MCF7 cells and MAMA2 with MDA-MB-415, compared to the control on the 

surface of the sensing plate. Moreover, TCM could detect the interaction of a low number of cells 

(10 cells) binding to their aptamers. MAMB1 aptamer was more selective than MAMA2 aptamer, 

as shown by TCM. 
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Overall results obtained by flow cytometry and TCM were very promising and indicate the 

possibility of using MAMB1 and MAMA2 aptamers in the detection of breast cancer and breast 

CTCs. 
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 CHAPTER 1 
 

Introduction 
 

 

Some parts of this chapter were reviewed in: Hassan EM, Willmore WG, and DeRosa, MC 

Aptamers: Promising Tools for the Detection of Circulating Tumor Cells. Nucleic Acid 

Therapeutics. 2016 

 

1.1 Breast Cancer 
 

 

Cancer is a complex disease that originates as a result of multiple genomic mutations 

leading to a disruption of normal cellular homeostasis. Mutant cells gain unlimited proliferative 

capacity, the ability to invade surrounding tissues and metastasize, insensitivity to growth signals, 

sustained angiogenesis, and resistance to apoptosis [1,2]. The main factor behind malignant 

transformation is genetic mutations by inheritance or acquisition over time due to loss of the 

DNA repair system [1,2]. 

 

Breast cancer is the most common cancer diagnosed in women, with an estimated 1.67 

million new cases diagnosed worldwide in 2012 [3]. The incidence of breast cancer is highest in 

developed countries with a rate of 80 per 100,000 in the European Union and 92 per 100,000 in 

North America [4]. Breast cancer is the leading incident cancer and second-leading (following 

lung cancer) cause of cancer death among Canadian women [5]. In 2015, an estimated 25,000 

Canadian women were diagnosed with breast cancer. Breast cancer remains to be the most 

commonly diagnosed cancer in Canadian women, accounting for 26% of all newly diagnosed 

cancers in women [5]. 

 

One of the most important risk factors for developing breast cancer is having a family 

history of breast cancer [6]. Women with inherited mutations in the Breast Cancer 1 (BRCA1) and 

Breast Cancer 2 (BRCA2) genes have a lifetime risk of breast cancer of 50%–85% [7,8]. 
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Other factors related to the reproductive system such as early menarche, late menopause, and 

having children have been demonstrated by American Cancer Society (ACS) and Canadian Cancer 

Society (CCS) to increase the risk of having breast cancer. The increase in risk may be due to a 

longer lifetime exposure to the hormones estrogen and progesterone [9,10]. Women who were 

exposed or treated with radiation in the chest, neck, and arm pit area are more likely to develop 

breast cancer in their lifetime [11,12]. Lifestyle-related factors have been shown to increase the 

risk of having breast cancer, these factors include: drinking alcohol, being overweight or obese, 

smoking [13-15], using birth control [16,17], and hormone replacement therapy [18,19]. 

 

1.2 Classification of breast cancer 

 

Breast cancer is a disease in which malignant cells are found either lining the milk ducts 

or in the milk-producing lobules of the breast. Lobules and ducts are formed from three lineages 

of cells in two germ layers: the myoepithelial layer is common to both structures and forms the 

basal layer, while ductal epithelial cells line the ducts, and alveolar epithelial cells synthesize the 

milk within the lobules [20]. Almost all breast cancers (>95%) are epithelial in origin, and are 

classified as adenocarcinomas [21]. Cancers of the breast are classified according to their 

histological type (growth pattern) as in situ (cancers which are contained within the breast lobule 

or duct) or invasive breast cancers (cancers which are not contained by the lobular or ductal walls 

and have invaded the breast stroma) [21]. Ductal Carcinoma In Situ (DCIS) or Lobular Carcinoma 

In Situ (LCIS) are the two most common types of in situ breast cancer. Both are non-invasive 

cancerous lesions of the breast and are classified as stage 0. They rarely produce symptoms or 

breast lumps [22]. Invasive Ductal Carcinoma of No Special Type (IDC-NST) is the most common 

carcinoma of the breast accounting for 40% to 75% of invasive breast cancers [23]. The cancerous 

cells invade the surrounding normal tissue and replace them. Special types of breast cancer 

account for up to 25% of all breast cancers and the latest edition of the World Health 

Organization classification recognizes the presence of at least 17 different histological special 

types of breast cancer [24]. Some of the cancers, including tubular, invasive cribriform, 

medullary, and infiltrating lobular breast cancers have confirmed more favorable prognoses 

compared with IDC-NST [22,25]. These cancers typically demonstrate rates of 10-year survival 

that generally exceed 80% [26]. 
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On the other hand, other special types of cancer, such as mixed or solid lobular, mixed ductal and 

lobular, or ductal/NST have shown considerably lower rates of 10-year survival [26]. 

 
 

Breast cancers are further subtyped based on the stage of development, which includes 

tumor size, where it first started in the body, and the locations to which it has travelled. TNM 

staging is determined by the collective score on three components, including: tumor size (T), 

involvement of the regional lymph nodes (armpits, neck, and the chest) (N) and presence of 

distant metastasis (M) [26]. Breast cancers diagnosed at a later stage (large size and metastasis 

to lymph nodes and other parts of the body) are associated with poorer prognoses. The four main 

stages of breast cancers are: stage 0 which describe the in situ types of breast cancers (DCIS and 

LCIS), stage 1-3: breast cancer spread within the breast or lymph nodes, stage 4: breast cancers 

spread to different parts of the body [26]. 

 

Histologic grade is also strongly linked with breast cancer survival and recurrence. Grading 

assesses the morphological features of a breast cancer by measuring: a) the degree of 

differentiation (which reflects how closely they resemble normal breast epithelial cells), b) the 

tubule formation and nuclear pleomorphism parameters, and c) the proliferative activity by the 

mitotic index parameter [27]. The Elston-Ellis modification to the Scarff-Bloom-Richardson 

grading system (Nottingham grading system) is the most commonly used histologic grading 

system, in which each of the parameters is assigned a score from 1 to 3 [27]. Tumors are 

considered well-differentiated if the overall score is 3 to 5 (histologic grade I), moderately-

differentiated if the score was 6 to 7 (histologic grade II) or poorly-differentiated if the score was 

8 to 9 (histologic grade III). It has been reported that the survival of breast cancer patients was 

significantly decreased for those with a histologic grade of II vs. I, and III vs. I [28]. Also, rates of 

disease-free survival were also less for breast cancer patients with a higher histological grade. 

However this association only reached statistical significance for grade III vs. I [27].  A study by 

van Diest et al. demonstrated a poorer prognosis for breast cancer patients with a higher mitotic 

index compared to those with a lower index [29]. 
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Breast cancers are further classified by their expression levels of steroid hormone 

receptors (Estrogen-Receptors (ER) and Progesterone-Receptors (PR)) measured with 

Immunohistochemistry (IHC), as well as expression of Human Epidermal Growth Factor Receptor 

2/neu (HER-2), measured with IHC and Fluorescence In Situ Hybridization (FISH) [30,31]. ER is 

expressed in 60-80% of invasive breast tumors [22] and over half of ER+ tumors are also PR+ [32]. 

Less than 10% of breast cancers are ER-/PR+ [32]. The HER-2 oncogene is overexpressed in an 

estimated 20% of invasive breast tumors [22]. Compared with ER+/PR+/HER-2- tumors, ER-/PR-

/HER-2+ and ER-/PR-/HER-2- (triple negative) tumors are more likely to be diagnosed at a later 

stage and at higher histologic grade [33]. Moreover, triple negative tumors have low rates of 

overall survival [33,34]. The expression profile of ER, PR and HER-2 receptors direct which 

molecular pathway affects a tumor, and thus are used to determine the type of endocrine 

therapy. ER+ tumors depend mainly on ER levels for their growth; therefore they can be treated 

with drugs to reduce either the effect of ER (e.g. tamoxifen) or the actual level of estrogen (e.g. 

aromatase inhibitors), and have a response rate of 60 to 70% [35,36]. ER- tumors however have 

a response rate of less than 10% to hormone therapy [37]. HER-2+ breast cancer patients are 

treated with anti-HER-2 therapies such as trastuzumab (Herceptin) and pertuzumab which are 

used in combination with chemotherapy and had been reported to improve the response in 

HER2+ breast cancers [38,39]. Triple negative breast cancer lacks the expression of the three 

receptors which make it more difficult to treat because most chemotherapies target at least one 

of the three receptors. Due to this lack of receptors, triple-negative cancers often involve 

combination therapies. No specific drug therapy has been identified for triple negative tumors, 

therefore chemotherapy remains the mainstay in treatment of these cancers [38,40,41]. 
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1.3 Metastatic breast cancer  

 

Metastatic Breast Cancer (MBC) (also known as advanced or stage IV breast cancer) is a 

stage of breast cancer where the disease has spread from the axillary lymph nodes to distant 

parts of the body (e.g. bones, liver, lung, or brain) [42]. In the US and Canada, approximately 5 

and 10% of all breast cancer patients have distant metastases at initial diagnosis, respectively 

[43,44]. Approximately 30% of women who are first diagnosed with early stage breast cancer will 

develop MBC later in their lives [43,44]. Metastasis is the main cause of death for the majority of 

breast cancer patients [45]. In Canada, the five year survival rate of metastatic breast cancer 

patients is only 20%, as indicated by CCS [5]. 

 

In order to metastasize, breast cancer cells must complete a cascade of events from 

invasion of local tissues, entry into the blood and colony establishment at distance sites, resulting 

in the development of a secondary tumor (Figure 1.1). During the initial stages, some of the 

cancer cells gain invasive properties and leave the primary tumor to intravasate into the blood 

stream or lymphatic system. Subsequently, the cells circulate through the body in the blood, 

adhere at the secondary site and extravasate from the circulatory system into the secondary 

tissue. Cancer cells must then maintain growth in the secondary site to form micro-metastases, 

which then form macro-metastases (along with the correspondingly associated angiogenesis) at 

the secondary site [46-48]. The process of metastasis is complex and the localization in a 

secondary tumor is non-random, usually depending upon the primary tumor characteristics [49] 

and certain genes that drive the metastatic process [50]. In breast cancer, more than 70 gene 

signatures have been associated with distant metastasis [51]. Bone metastasis was found in up 

to 70% of advanced breast cancer patients with osteolytic sites being the most dominant type of 

metastasis [52]. 
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1.3.1 Circulating tumor cells 

 

It is well known that cancer cells are heterogeneous, and thus not all cancer cells are 

capable of initiating metastasis [53]. Circulating Tumor Cells (CTCs) are cancer cells that detach 

from a primary tumor, circulate within the blood and then invade other distant organs in the 

body to form a secondary tumor [53]. CTCs have stem cell-like properties, and thus are capable 

of initiating the metastatic process (Figure 1.1). In 1994, John Dick and his colleagues were the 

first ones to isolate and characterize Cancer Stem Cells (CSCs) in Acute Myeloid Leukemia (AML) 

[54]. They discovered that only a certain population of cells (CD34+CD38−) had the ability to 

initiate and sustain the leukemia. After isolating CD34+CD38−cells and CD34-CD38-cells and 

injecting them into NOD/SCID mice, it was observed that only the CD34+CD38− cells developed 

into leukemia cells [55]. This study was the first spark for the CSC research. Subsequently, there 

is now evidence supporting the existence of CSC populations in brain, prostate, colon, and 

pancreatic tumors, as well as in melanomas [56-58]. In breast cancer, CSCs were identified based 

on high CD44 and low CD24 expression (CD44high/CD24low) on the cell surface. These cells 

showed CSC properties (self-renewal and the initiation and sustainment of breast cancer growth) 

when injected into immunocompromised mice [59]. Based on their ability to give rise to tumors, 

a small subset of CTCs from metastatic breast cancer patients have been reported to have CSC 

characteristics, and thus all CSCs may be considered CTCs [60-63]. 

 

1.3.2 The metastatic cascade: a closer look 

 

Epithelial to Mesenchymal Transition (EMT) was first identified in embryonic 

development and is the conversion of epithelial cells to a mesenchymal phenotype [64]. CTCs 

have the ability to initiate the metastatic cascade by converting differentiated epithelial cancer 

cells into dedifferentiated cells that have more mesenchymal characteristics. EMT is considered 

a crucial event in the metastatic process (Figure 1.1) [65]. The most important events that take 

place in EMT are: 1) down-regulation of E-cadherin, which is considered the most dominant cell 

adhesion protein on the surface of the cancer cell, 2) the decline of the expression of epithelial 

markers, such as cytokeratin [93], 3) increased expression of vimentin, a mesenchymal marker, 

and 4) change of the expression of integrin, an extracellular matrix molecule [66,67]. 
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During EMT, several signaling pathways control the expression of various factors on the 

molecular level. The growth factor transforming growth factor-β (TGF-β) has been shown to 

induce reversible EMT, along with the Wnt pathway proteins (in particular β-catenin), Notch, and 

Hedgehog signaling pathways. These pathways often act in a sequential manner to induce EMT 

[68-71]. Furthermore, transcription factors such as Snail and NF-ĸB have been shown to induce 

apoptotic resistance to tumor cells undergoing EMT [72,73]. The EMT cells break through the 

basement membrane, blood vessels, or interstitial spaces and start entering the circulation in a 

process called intravasation (Figure 1.1), allowing them to initiate distant metastasis. It is worth 

mentioning that intravasation could take place early in cancer development, even before the 

diagnosis of the primary tumor [74]. In breast cancer, it has been reported that tumor cells start 

to disseminate out of the primary tumor early in the disease (initial diagnosis), but it is not 

sufficient for metastatic outgrowth [75]. 

 

A solid tumor of 1 cm size (approximately 109 cancer cells) could shed one million cancer 

cells into the circulation per day [76]. These cancer cells will be carried either via the blood (CTCs) 

or via the lymph. CTCs do not spend long circulating in the bloodstream. Indeed, most of them 

are collected by the first capillary bed they encounter within minutes of entering the circulation 

due their large size and inability to pass through capillaries [74]. It is well known that the majority 

of secondary tumors are formed in organs that are not connected to lymph nodes (e.g. brain, 

liver, lung, and bone) [77]. 

 

The phenotypic transition of CTCs is reversible and it has been reported that once CTCs 

reach their destination, they will convert back into an epithelial phenotype in a process called 

Mesenchymal to Epithelial Transition (MET). This transition is crucial for tumor growth at the 

secondary site (Figure 1.1) [78]. Little is known about the role that MET plays in the formation of 

a secondary tumor, but recently researchers have begun to examine MET as one of many 

potential therapeutic targets in the prevention of metastases [79,80]. 
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 Metastasis is a complex process and it is unlikely that all cancer cells successfully complete all 

the steps necessary to form clinically relevant metastases. Therefore, metastasis is described as a 

highly inefficient process. Few cancer cells pass through all the metastasis steps and finally make it to 

their destination. From a million cancer cells that escape  the primary tumor, only a small number 

(~0.1%) remain alive in the circulation after 24 h, and an even smaller number of cells (0.01%) could 

start metastasis [53,81]. Indeed, the majority of CTCs (85%) get washed from the circulations afew 

hours of intravasation   

Figure 1.1: Metastasis cascade: In the first stage, which includes the formation of the primary tumor, cancer cells start to 
invade a local epithelial tissue and divide there. Some of them (CSCs) have the ability to initiate metastasis and undergo 
EMT to be considered as CTCs 2: CTCs, which have the properties of CSCs, enter the bloodstream and circulate with the 
blood components, some of which are eliminated by macrophage cells (part of the immune system). 3: The rest of CTCs 
will exit the blood in a process called extravasation. 4: After they exit the blood, CTCs undergo MET and start to invade 
distant organs (in the case of breast cancer, it is most often the bone) forming secondary tumors. (Reprinted with 
permission from Hassan et al. (2016). 
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CTCs are very rare, with a frequency of typically 1 per 106–7 leukocytes [83]. CTCs exhibit 

highly pleomorphic characteristics, and therefore it is difficult to distinguish them from other 

blood cells [84,85]. Breast cancer CTCs have a diameter of 13.1 μm [86] vs 10 μm for blood 

leukocytes [87]. To be considered as CTCs, cancer cells must have a nucleus, visible cytoplasm, 

expression of cytokeratin and absence of CD45 expression [88]. Detection of CTCs in breast 

cancer patients is commonly associated with an increased risk of metastases and poor prognosis 

[89]. However, variation of the detection rate of CTCs and its correlation with prognosis has been 

reported [90]. Although, to date, the use of CTCs as a routine prognostic clinical tool is not applied 

[91]. Many clinical studies have demonstrated the importance of CTCs in monitoring disease 

progression or treatment failure. For instance, MBC patients who had a reduction in their CTC 

count after initial treatment showed identical prognosis to CTC-negative patients [92]. Moreover, 

patients who had higher initial counts of CTCs and reduced CTC counts following treatment 

showed better prognoses than those whose CTC count did not change [93]. Other studies failed 

to observe whether a change in chemotherapy would improve the overall survival rate in breast 

cancer patients with increasing CTC levels [94]. 

 

In summary, there is solid evidence that a sub-population of cells that have stem-cell like 

properties (CTCs) can contribute to tumor initiation. The functional role of such cells in tumor 

metastasis such as breast metastasis and treatment remains poorly understood. 

 

1.4 Current methods of the detection and quantification of CTCs 

 

The study of CTCs allows for a better understanding of the metastasis process. In 

comparison to traditional tissue biopsy, the isolation of CTCs (which has been called “liquid 

biopsy”) offers many advantages: collection of peripheral blood is easy to perform, the technique 

is relatively inexpensive with less risk to patients, and it is easily repeatable over time [95,96]. 

The idea of monitoring CTCs over time (real time) is very attractive to researchers as it allows for 

the tracking of the changes which occur in cancer cells during metastasis. Isolation of CTCs also 

allows for better understanding of the metastatic progression, as well as the reasons for the 

resistance of CTCs to current therapies [95,96]. 
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Many methods have been developed to detect CTCs in the blood of cancer patients. Some 

of these methods are based on the physical properties of CTCs, including density and size, as well 

as immune and cell-surface electrical properties [97]. Other methods detect CTCs as a result of 

the interaction of a certain biological probe (e.g. antibody) to a protein (bio-marker) on the 

surface of CTCs in an instrument such as the CellSearch® system. 

 
 

It has been demonstrated that tumor cells exhibit epithelial properties and thus express 

on their surface molecules of epithelial origin [98]. Epithelial Cell Adhesion Molecule (EpCAM) is 

expressed in tumors of epithelial origin and allows distinguishing CTCs from blood cells [99]. 

EpCAM is a transmembrane glycoprotein first identified as a tumor antigen, and is highly 

expressed in epithelial cancers in comparison to normal epithelial tissue [100]. EpCAM has a role 

in cell signaling, migration, proliferation, and differentiation [101-103]. It has been reported that 

EpCAM plays a role in tumorgenesis and metastasis, so it can be used as a prognostic marker and 

a target for therapy in patients with epithelial cancers [104]. 

 

The only system that has been approved by the U.S. Food and Drug Administration (FDA) 

and uses EpCAM to detect CTCs is the CellSearch system. CellSearch detects and quantifies CTCs 

in human blood from epithelial carcinomas (breast, prostate or colorectal cancers) using 

fluorescence microscopy and immunology-based techniques [105-107]. CTCs are enriched and 

separated from a 7.5 ml blood sample in the CellTracks AutoPrep system by antibody-mediated 

ferrofluid-based magnetic separation in which monoclonal antibodies against EpCAM are 

conjugated to iron magnetic nanoparticles to specifically target CTCs. Anti-Cytokeratin 

Phycoerythrin (CK-PE), a second monoclonal antibody, is used to stain CTCs, followed by the DNA 

stain 4′,6-Diamidino-2-Phenylindole (DAPI). Blood leukocytes are then separated from epithelial 

cells by using anti-CD45-Allophycocyan (CD45-APC) [108]. The CellTracks Magnet analyzes the 

enriched CTCs using the CellTracks Analyzer II, a semi-automated fluorescence-based microscopy 

system that obtains images using a 10X objective lens, and filters corresponding to the different 

DAPI, PE, and APC stains [109]. A gallery of CTC images is then created. Qualitative analysis 

software selects CTCs based on the differential staining method mentioned earlier.  
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EpCAM+, CK+, and CD45- cells are counted as CTCs [108]. Quantification of the actual number of 

CTCs, as well as assessment of the morphology of CTCs can be accomplished using the CellSearch 

system. It is difficult to set criteria of what counts as a CTC due to the diversity in their viability 

or apoptotic stage, which makes their population very heterogeneous [110]. 

 

The percentage of CTCs not detected by the CellSearch system is unknown. During the 

EMT process, the expression of epithelial markers decreases and therefore the expression of 

EpCAM is not the same amongst all CTCs. For example, some studies showed a change in the 

level of EpCAM expression in mammary carcinomas [111]. It has been reported that in patients 

with MBC, CTCs tend not to express EpCAM on their surface, but instead exhibit stem cell features 

[112]. Moreover some breast cancer subtypes lack the expression of Cytokeratins (CKs) 8/18/19 

[113]. A study investigating EpCAM expression in 50 breast cancer cell lines showed that 20% of 

cell lines had low levels of EpCAM expression [114]. These cells were reported to have a basal-

like phenotype, high level of vimentin (a mesenchymal marker) and low levels of epithelial 

markers CKs 8/18/19 and E-cadherin, indicating a mesenchymal phenotype. Therefore, the 

CellSearch system would not be efficient in detecting CTCs in those patients. Studies have shown 

the successful clinical usage of the CellSearch system to monitor the prognosis by counting CTCs 

in metastatic breast cancer patients, treated for long periods.. The results of these studies 

confirmed the prognostic value of CTCs, but they failed to evaluate the effectiveness of 

chemotherapy in those patients [115,116]. 

 

In conclusion, the detection of CTCs specifically in MBC, is a challenge due to a) their low 

abundance in the blood stream and b) the lack of reliable markers present to recognize these 

cells. Therefore, new markers are still required for the detection and isolation of different sub-

types of tumor cells in MBC with high specificity and sensitivity. Moreover, increasing the 

sensitivity and specificity by investigating new ligands other than antibodies is required and this 

represents the central topic of this thesis. 
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1.5 Aptamers as powerful ligands in the detection of CTCs in metastatic breast cancer 
 

 

1.5.1 Aptamers 
 

 

Aptamers were described for the first time in 1990 [117]. They are non-natural, short (∼ 

15–100 nucleotides in length) single-stranded DNA or RNA oligonucleotides that bind to their 

targets with high affinity and selectivity, with a unique three- dimensional interaction [118]. 

 

Aptamers can replace their antibody counterparts due to their similar recognition 

properties [119]. Aptamers are chemically synthesized at a relatively low cost, without the use of 

animals, which are required for antibody production [119]. Because of their chemical and thermal 

stability, aptamers can be used under a wide range of experimental conditions; unlike antibodies 

which are restricted to their host conditions, rapidly losing their tertiary structure at higher 

temperatures. Antibodies have batch-to-batch variations, whereas aptamers do not. In addition, 

the modification (labeling for proteins) can affect the structure and the function of antibodies 

while aptamers, when synthesized, allow for the introduction of functional groups on specific 

sites without the disruption of their structure or function [120]. As mentioned earlier, aptamers 

can be selected against a wide range of targets with different sizes and structures, whereas the 

affinity of antibodies is limited to those molecules that can trigger immune responses [121]. The 

first RNA sequence that could discriminate between different targets was the one that binds to 

theophylline, with 104 times higher binding affinity to theophylline than to caffeine, which differ 

by only a methyl group [122].  

 

Recently, slow off-rate modified aptamers (SOMAmers) were established by Brody et al. 

These new aptamers were capable of binding to their protein targets with very high affinity (in 

the very low nanomolar range and with picomolar dissociation constants) and have been tested 

in clinical samples [123]. Table 1.1 summarizes the different properties that aptamers have 

versus antibodies [118, 120]. 
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Table 1.1: Characteristics of aptamers versus antibodies  
 

Properties  Aptamers  Antibodies 
         

 Stability   Stable at wide range of   

Stable only at certain 
temperatures  

    temperatures (reversible     

    denaturation)     
         

Target Potential  Wide range of targets from  The targets are limited to mostly 

    ions to bacteria or whole  proteins/peptides 
    mammalian cells, also non-    

    immunogenic or toxic targets    
     

 Immunogenicity   Not recognized by the immune   The immune system reacts against  
    system due to their small size   them due to their size  
         

Production  Produced via in vitro process  Produced in vivo with the need of 
       animals or cell culture 
     

 Shelf life   Long shelf life due to the   Short shelf life due to  in-  

    stability of aptamers (when   stability, since they are limited to  

    dried they can stay at room   their host conditions  

    temperature)     

         

Ability to be  Easy to chemically modify at  Difficult to chemically modify and 

Modified 
 relatively low cost  expensive 
      

     

 Nuclease   Subject to nuclease   Nucleases cannot degrade  

 
Degradation 

  degradation   antibodies, since they made of  
   but can be overcome   amino acids  

       

    with modification     
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1.5.2 Systematic Evolution of Ligands by EXponential enrichment 
 

 

Aptamers are produced in vitro in a process called Systematic Evolution of Ligands by 

EXponential enrichment (SELEX). Aptamers can be selected for a wide range of targets, starting 

with ions and ending with whole mammalian cells [124-127]. Therefore, SELEX can be performed 

against different targets, with different conditions according to the researcher’s needs. Many 

improvements to SELEX have taken place since the original SELEX was established in 1990 to 

select aptamers with higher affinity and selectivity to their targets [128]. 

 

In general, SELEX has multiple steps (Figure 1.2). The first step is the selection step, where 

the target, which is either immobilized on a solid support or is free in solution (according to the 

final application of the selected aptamers), is incubated with a random library of DNA or RNA 

(depends on whether the application needed DNA or RNA aptamers). This library is flanked with 

two conserved primer binding sites to be used later for amplification. The number of random 

sequences in the library can be 1013-1016 (Figure 1.2). In thesecond step, partitioning of the 

nonbinding sequences from those that bound the target takes place. Nonbinding sequences are 

washed away, and the sequences which bound the target are eluted in the third step. The 

amplification of the eluted sequences takes place using the Polymerase Chain Reaction (PCR), 

using the conserved regions of the randomized library for primer-binding (Figure 1.2). The 

selection process can be repeated several times (rounds) until the percentage recovery of the 

DNA (monitored during the selection) reaches a plateau. Usually a counter selection of a similar 

target takes place after or before the main selection to ensure the specificity of all the selected 

aptamers for the target of interest [129]. Throughout the selection process, it is recommended 

to increase the stringency to improve binder enrichment in the library thus generating higher 

affinity aptamers. This increased stringency can be achieved by decreasing the target 

concentration to encourage competition, changing the ionic strength of the binding and washing 

buffer or/ and increasing the number of washing steps for the unbound sequences [129]. 
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1.5.3 Cell- SELEX 
 

 

The idea of using complex targets for the generation of specific aptamers was first 

suggested in 1998 [130]. This idea was confirmed when an aptamer against red blood cell 

membranes was identified in 2000 [131]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.2: General Scheme of SELEX: SELEX starts with counter selection step (A) in which a random DNA library is 
incubated with a target similar to the target of interest. The unbound sequences (from washing step) are then 
incubated with the target of interest for the positive selection (B). Unbound sequences are washed off and binding 
sequences are eluted off the target. The eluted sequences are amplified by PCR, and the rounds are then repeated. 
 
 
 
 

 

At that time, the application of aptamers for cancer detection was limited due to the 

absence of aptamers able to bind target cancer cells, or target proteins on the cell 
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surface [132]. Cell- SELEX technology offers many advantages over other types of SELEX: 1. A prior 

knowledge of the protein receptors on the surface is unnecessary since the generated aptamers 

will recognize the molecular features only on the abnormal cells. Moreover, the aptamers bind 

to the native state of the targets. In this manner it is important to mention that a counter 

selection is an important step in cell-SELEX. In the case of cancer cell-SELEX, the ideal counter 

selection should be normal cells from the same type of tissue i.e. breast cancer cells vs healthy 

normal cells surrounding the cancer cells [132]. 2. Multiple aptamers can be selected for many 

different targets and thus provide accurate diagnosis of the disease (e.g. cancer) [132]. 3. The 

generation of new aptamers to unknown targets on the surface of the cells help to identify new 

biomarkers. Cell-SELEX for cancer may serve to improve the understanding of many complicated 

processes that occur during the development of cancer including metastasis [132]. 

 

The cell-SELEX procedure is similar to that of conventional SELEX, but differs in the 

partitioning step, in which washing or centrifugation is used to separate the bound from unbound 

sequences.  In cell-SELEX, heating is usually used for isolating aptamer-target cell complexes 

[133]. Despite the short history of cell-SELEX, it has become a promising platform for generating 

large numbers of aptamers against a wide range of cell lines, especially cancer cells [132]. 

Although considerable progress has been made, cell-SELEX is still facing many challenges. One 

challenge is the complexity of the cell-SELEX process, as selection for whole cells takes many 

rounds (up to 35) to identify the aptamer candidates, which is time consuming and labor 

intensive. It is hard to see a significant enrichment for the starting library [134]. Another 

challenge for cell-SELEX is the diversity of the ligands on the cell surface.Althoughthis diversity 

increases the chance of identifying new bio-markers, it affects the progression of the SELEX 

process as aptamers prefer to bind the more abundant targets (common targets on all cells types) 

versus the low abundance ones. If the more abundant targets were not the desired ones, this 

might affect the enrichment of the aptamers [132]. The abundance of such targets (e.g. 

membrane proteins) may change during the cell growth and passages, therefore cell culture 

maintenance is important for cell-SELEX [132]. Target identification after cell-SELEX is necessary 

in order to use these aptamers in further applications, especially the ones selected against cancer 

cell lines [133].  
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This step is a serious limitation due to the difficulties in the separation and purification of 

aptamer targets, especially the membrane protein targets [133]. For this reason, a limited 

number of aptamer targets have been identified [135-138]. 

 
 

In order to overcome these challenges, many modified cell-SELEX platforms have been 

reported [139-142]. One of the reasons behind the variations in enrichment in cell-SELEX is the 

contamination from dead cells. Dead cells tend to adsorb non-specifically to single-stranded 

nucleic acids and thus reduce the enrichment factor of the positive selection step [143]. 

Fluorescence-Activated Cell Sorting (FACS) has been reported to eliminate the dead cells from a 

mixture of cells [144]. Raddatz et al. used FACS for the positive selection step to eliminate dead 

cells and successfully identified DNA aptamers against Burkitt lymphoma cells [144]. FACS 

separates distinct subpopulations of cells from other subpopulations within composite cell 

mixtures. For example, live and dead cells could be separated on the basis of their different light-

scattering characteristics, or their ability to convert cell-permeable dyes into a fluorescent form 

enzymatically [145]. It is hard to maintain the activity of cells over long periods of time, and thus 

different cells may be used for selection in different rounds in cell SELEX. In cancer cells for 

example, variations between cells could affect the SELEX process, as cancer cells are 

heterogeneous. Microfluidic systems have been integrated into cell-SELEX to shorten the 

selection process and make it more efficient [146]. An automated on chip cell-SELEX has been 

demonstrated. In this system, the entire cell-SELEX is performed on a single chip. In order to 

achieve this, three modules, including a microfluidic control module, a magnetic bead-based 

aptamer extraction module, and a temperature control module for cooling reagents and rapid 

nucleic acid amplification have been used [147]. It has been reported that on chip cell–SELEX has 

been successfully used in the identification of aptamers against ovarian cancer; these aptamers 

binds to target cells specifically with high affinity [148]. 

 

Targeting of specific cell surface proteins in their native forms using cell-SELEX helps to 

take the application of cell-SELEX even further, especially in cancer research where identifying 

new biomarkers is a great benefit to improve the diagnosis and treatment of cancer patients. 

This part of cell SELEX will be discussed in detail in chapter two as a core topic. 
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1.6  High throughput sequencing and aptamer characterization 
 

 

Integration of High Throughput Sequencing (HTS) or Next- Generation Sequencing (NGS) 

methods in SELEX is of great benefit, due to the many advantages that it provides compared with 

traditional cloning/sequencing methods. Using traditional methods, sequences from enriched nucleic 

acid libraries are cloned into a plasmid and a few hundred individual clones, at most, would be 

sequenced to identify individual high affinity aptamers [149,150]. HTS allows for sequencing of 

millions of DNA strands in parallel, yielding substantially more throughput and reducing the need for 

the cloning method [150]. Cloning is typically applied only after the last selection round, where as 

HTS can be applied to the nucleic acid libraries after each selection round, thus avoiding the need for 

a high number of selection rounds, reducing time, PCR bias and artefacts [150]. Comprehensive 

characterization of obtained aptamers, identification of their functional and rare motifs, and a 

comparison of functional motifs in each oligonucleotide population along with quantification of their 

abundance can be done by combining HTS to bio-informatics tools and powerful software 
 
[151]. HTS has contributed noticeably to in vitro selection techniques as in many other research 

fields, including personalized medicine [152]. HTS was first combined with SELEX in 2002 in a SELEX-

SAGE method in which CTF/NFI transcription factor (TF) ligands were identified in genomic DNA [153]. 

Many improvements have been made on HTS in the following years to identify many targets [154-

156]. Recently HTS was combined with whole cell SELEX and applied to identify DNA aptamers 

targeting the HER2 receptor in breast cancer patients [157]. In this work, they applied HTS after each 

round of selection, reducing the number of rounds to only five and increasing the specificity and 

affinity of the identified aptamers [157]. Many software tools are now available to analyze HTS data, 

including AptaCluster [158] and FASTAptamer [159]. 

 

The Dissociation Constant (Kd) describes how tightly a ligand binds to its target under 

equilibrium conditions. For aptamers, the Kd is the concentration of aptamer at which the 

concentration of target with aptamer bound equals the concentration of target with no aptamer 

bound [160,161]. Kd reflects the affinity of the aptamers to their targets and has a molar unit when 

the binding stoichiometry is 1:1. The smaller the Kd, the higher the affinity [160,161]. The Kd of 

aptamer-target complexes typically range from the low micromolar to high picomolar levels 
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[162]. Several methods have been established to measure the Kd of aptamers [163]. The methods 

range from simple, low cost methods such as dialysis and filter binding assays, to complicated 

ones such as Fluorescence anisotropy and Surface Plasmon Resonance (SPR) [164,165]. Figure 

1.3 shows the most popular methods used for aptamer affinity determination. These methods 

vary in their sensitivities and the sample volume needed for analysis, as well as the analysis time 

required. Moreover, the post-selection labelling or immobilization of the aptamers in these 

methods could affect the value of Kd [161]. Thus a particular aptamer could have many values of 

Kd considering the factors above when applied to different methods of Kd determination. 

Therefore, it is recommended to use the method that most closely simulates the circumstances 

in which the aptamer is planned to be used [161]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.3: The different methods used to measure the dissociation constant (Kd) of 

aptamer–protein complexes. The graph shows the Kd values with the respective 

methods as a function of the volume required for the analysis. Reprinted with 

permission from Szeitner et al.[161].  
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1.7  Aptamers generated for the detection of metastatic breast cancer and breast CTCs 
 

 

As mentioned earlier, aptamers can rival antibodies in their specificity and affinity for the 

target [166], therefore, they are good candidate probes for capturing CTCs in the bloodstream 

[167] The overexpression of surface biomarkers is often related to tumorigenesis [167], therefore 

cell surface biomarkers are attractive targets for cancer diagnosis including CTCs detection 

[166,167]. As mentioned earlier, EpCAM is the most abundant protein reported to be 

overexpressed in patients with epithelial carcinomas [99]. Moreover, it has been reported that 

EpCAM is a biomarker for CTCs in these patients as it can be used to distinguish between cancer 

cells in the blood and other blood cells [99]. Although it has been reported that EpCAM 

expression changes during EMT process (as mentioned earlier in this chapter) and might be 

absent in some breast cancer patients [111,112,114], many studies have been developed using 

aptamers against EpCAM to detect CTCs in a mixture of cancer cells [168-170]. In a study by Song 

Y et al. a DNA aptamer (SYL3C) against EpCAM protein was successfully selected and used to 

capture CTCs [171]. SYL3C has a high affinity to the metastatic form of breast cancer cells (MDA-

MB-231) in vitro [171]. Moreover, SYL3C was able to capture the target cancer cells from a 

mixture of cancer cells with up to 63% cancer cell capture efficiency and about 80% purity [171]. 

 

Human Periostin (PN) is a protein produced and secreted by fibroblasts as a component 

of the Extracellular Matrix (ECM) [172]. PN is a very interesting protein, as it has a role in the 

interaction with multiple cell-surface receptors, particularly integrins [173,174] or with the PI3-

K/Akt pathway which when activated, stimulates cell survival, angiogenesis, invasion, metastasis, 

and more importantly, epithelial-mesenchymal transition of carcinoma cells [175,176]. In breast 

cancer, the overexpression of PN is correlated with the poorest outcomes [172]. Characterizing 

PN functional roles in breast cancer progression could improve the outcome of breast cancer. 

Benzyl-d(U)TP-Modified DNA Aptamers-3 (PNDA-3) were selected against PN [177] PNDA-3 

inhibits periostin-mediated breast cancer cell invasion in vitro and metastasis in vivo [177]. PNDA-

3 aptamer could be used to target metastatic breast cancer cells [177]. 
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Another secretory protein which is similar in function to PN  and can induce breast cancer 

metastasis in almost the same way is Osteopontin (OPN) [178]. OPN is a secreted 

phosphoprotein cell attachment protein and cytokine that signals through two cell adhesion 

molecules: αvβ3-integrin and CD44 [178]. It has been reported that OPN increased cellular 

migratory and invasive behavior, and increased metastasis in many cancers including breast 

cancer [178]. Like PN, OPN is overexpressed in breast cancer patients and is correlated with poor 

outcomes [179]. An RNA aptamer (OPN-R3) against OPN was developed in 2009 [179]. This study 

showed that OPN-R3 could inhibit breast cancer metastasis in vivo [179]. Since OPN is a 

secretory protein and based on the high affinity of OPN-R3 aptamer to OPN, an electrochemical 

aptasensor for the detection of human OPN was developed in 2015 by Meirinho et al. [180]. The 

detection limit of the aptasensor was 3.7 ± 0.6 nM in standard solution. This limit corresponds 

with OPN levels reported in the literature for patients with metastatic breast cancer [180]. This 

study demonstrated a non-invasive method to detect metastasis in breast cancer patients [180]. 

 

Regarding the use of aptamers as imaging probes in metastatic breast cancer, a DNA 

aptamer (LXL-1) was selected against metastatic MDA-MB-231 cells [181]. The truncated 

aptamer sequence LXL-1-A showed a very high affinity and specificity when used as a probe in 

lymph node tissues from metastatic breast cancer patients, with 76% detection rate [181]. This 

suggests the potential use of LXL-1-A aptamer as an imaging probe for the detection of breast 

cancer metastasis [181]. 

 

The expression of biomarkers on the surface of CTCs is heterogeneous, therefore a single 

CTC marker is insufficient to capture all CTCs from the blood. A study by Nellore et al. established 

aptamer-modified porous graphene oxide membranes for the capture and identification of 

multiple types of CTCs spiked in rabbit blood [182]. Three aptamers S6, A9, and YJ-1 for breast, 

prostate, and colon cancer cells, respectively, were immobilized to porous graphene oxide 

membranes. The three aptamers were capable of capturing SKBR3 breast cancer cells, LNCaP 

prostate cancer cells, and SW-948 colon cancer cells selectively and simultaneously when 100 

cells were spiked in one milliliter of rabbit blood, with a capture efficiency as high as 98% [182]. 
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In summary, aptamers generated for the detection of metastatic breast cancer and breast 

CTCs are few in the literature, therefore more studies involving aptamers in breast CTCs detection 

are needed to improve the outcome of patients with metastatic breast cancer. Moreover, more 

clinical data is needed for those already published to be able to use these aptamer in clinics. 

 

1.8  Flow cytometry as a tool to detect circulating tumor cells from breast cancer  

 

As mentioned earlier, CTCs are heterogeneous in nature, making their detection a 

challenging task, therefore methods that are more complex are needed to detect CTCs in an 

enriched environment. Flow cytometry is an analytical technique that became more common in 

biomedical fields, due to its many advantages, including: the high statistical value of the method, 

analysis of a very large number of events, and the short analysis time [183]. Flow cytometry has 

many functions including cell counting and sorting, biomarker detection, and cell cycle and 

protein studies [183,184]. Flow cytometry recognizes cells according to their size and level of 

internal complexity (granularity) [183,184]. The forward Scatter (FSC) parameter allows for the 

determinination of the size of a cell (using known size standard such as beads) by measuring the 

amount of the laser beam that passes around the cell. The Side Scatter (SSC) parameter allows 

for the determination of the granularity level of a cell by measuring the amount of laser light that 

bounces off particulates inside of the cell (Figure 1.4) [185]. Because of its ability to differentiate 

cells according to their size and complexity, flow cytometry has been used in the detection of 

cancer cells in the blood [186-188]. 

 

Most flow cytometry methods isolate and count breast CTCS by using monoclonal 

antibodies directed against different antigens on the surface of CTCs. The most popular surface 

antigens are CKs and EpCAM. These two biomarkers, as already discussed, can be down regulated 

in malignant cells during EMT and this leads to the generation of false negative results. Since flow 

cytometry has the advantage of using multiple labelling (multi-color analysis) of different 

antigens on the cell surface, this limitation can overcome by using additional antibodies against 

CD45, making it possible to detect leukocytes [189]. Multiple parameters can be measured  
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simultaneously (i.e. DNA content, cell size, cell viability, and intra- and extracellular markers) 

using this method, therefore high specificity is obtained. Despite this, some studies have reported 

low sensitivity of flow cytometric techniques compared to RT-PCR [190]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.4: A dot plot obtained after running a mixture of blood cells is suspended through a flow 

cytometer: the plot shows different populations of cells according to their size (the x-axis (FSC)) and 

granularity (the y-axis (SSC)). The cells to the far left of the plot represent the debris (dead cells). 

Going further right on the FSC axis the cells are bigger and more complex. Examples of these cells are 

macrophages that have granules. Reprinted with the permission of Sandra Hope (Ph.D) at Brigham 

Young University [185]. 
 
 

 

Flow cytometry has been used as a tool to detect CTCs from breast cancer in many studies 

[187,188, 191, 192]. In a study by Wang L et al. CTCs from breast cancer patients were detected 

using flow cytometry in which the expression of CK19 was quantified [191]. In this study, the 

expression of CK19 was quantified (using anti-CK19 antibody) for patients in different stages of 

breast cancer (primary and metastatic stages) as well as patients who underwent chemotherapy 

for three months. The results obtained by this study showed that the number of CTCS detected 

increased gradually along with the disease stages. Moreover, the expression of CK19 declined for 

those who went for chemotherapy as obtained by flow cytometry [191].  
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The limit of the detection of the assay was one cancer cell among 104 human white blood cells 

[191]. In a recent study by Warawdekar et al. flow cytometry was used in combination with RT-

PCR to detect CTCs in spiked breast cancer cells in lymphocytes as well as blood samples from 

breast cancer patients [192]. The results revealed a sensitivity of one breast cancer cell detected 

in 105 lymphocytes [192]. In breast cancer patients, flow cytometry showed a range of 1-85 CTCs 

per 10 mL of blood [192]. Monoclonal antibodies against EpCAM, CKs as well as CD45 were used 

in this study [192]. 

 

Song et al. has reported the detection of breast CTCs using flow cytometry and aptamers 

as the probe [193]. In this study, an aptamer (SYL3C) against EpCAM was developed and tested 

to capture CTCs derived from breast, colorectal, and gastric cancers in mixed media as well as in 

blood [193]. The capture efficiency was 63% with 80% purity [193]. 

 

In this context, aptamers could be used as probes for flow cytometry, and offer certain 

advantages over antibodies. First, aptamers can be chemically synthesized and functionalized 

with a wide variety of fluorophores and modifications. Second, unlike antibodies, aptamers are 

more stable which makes them less susceptible to degradation by heat and pH shifts. These two 

main advantages allow easy handling and storage for both manufacturers and operators [194]. 

 

Newly developed aptamers (against new breast cancer biomarkers) for the detection 

of metastatic breast cancer using flow cytometry were used in this work and will be discussed in 

details in Chapter 3. 

 

1.9  Terahertz radiation 
 

 

Terahertz (THz) radiation, also known as THz waves, lies between the microwave and 

infrared regions of the electromagnetic spectrum (Figure 1.5) [195]. THz has unique 

characteristics with potential applications for research in physics, chemistry, biology, materials 

science and medicine (Figure 1.4) [195]. Since THz radiation has a long wavelength (300µm) it can 

penetrate a wide variety of non-conducting materials, e.g. clothing, paper, cardboard, wood, and 

plastic. For this reason, THz radiation is used for security purposes in airports and for weapon 
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detection. In most cases, the THz radiation used in such applications is called passive or 

incoherent [196]. THz radiation has relatively low photon energy, which is insufficient to cause 

chemical damage to tissues and DNA. Some frequencies of THz radiation can penetrate several 

millimeters of tissue with low water content (e.g., fatty tissue) [196]. THz can be used to 

differentiate between different materials or even isomers, since the energy of rotational and 

vibrational transitions of molecules lies in the THz region and intermolecular vibrations such as 

hydrogen bonds show different spectral features in the THz region [196]. THz waves can provide 

a better contrast for soft tissues than X-rays, due to the fact that THz radiation is very sensitive 

to polar substances, such as water. The type of THz used in imaging is called active [196].  

 

1.9.1 Biomedical applications of THz radiation 
 
 

1.9.1.1  THz applications and DNA 
 

 

The four nucleobases (adenine (A), cytosine (C), guanine (G), and thymine (T)) have 

different absorption coefficients in the THz range due to the fact that the low-frequency 

molecular motions that originate from the hydrogen bonds of DNA base pairs and non-bonded 

interactions are sensitive to the base composition and conformational state of nucleic acids 
 
[197]. Furthermore, some studies demonstrated the difference in absorption between single-

stranded (ss) and double-stranded (ds) DNA [198]. This unique feature of DNA allows for label-

free detection of mutations of unknown DNA molecules and this is critical in many biomedical 

applications, especially those involved in cancer research [199]. On the other hand, it has been 

reported that intense THz pulses caused DNA damage and increased the concentration of protein 

that helps the body to fight against cancer (tumor suppressor proteins) [200]. This has been 

suggested in a study by Titova et al. in which a lab-grown human skin model was exposed to 0.1 

–1.0 μJ of THz pulse for 10 mins [200]. Intense THz increased the amount of phosphorylated 

H2AX; a protein that is formed when there is a double strand break in the DNA, suggesting that 

intense THz could cause double strand breaks, and at the same time induced tumor suppressor 

proteins, indicating that DNA damage repair mechanisms are rapidly activated [200]. 
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1.9.1.2 THz and biological imaging 
 

 

As a result of its unique features, THz research is growing exponentially [201]. One of the most 

interesting applications is using THz in imaging biological tissues [195]. As mentioned earlier, THz 

radiation has low photon energy (1 THz= 4.1 meV), and thus it can be applied for in vivo real-time 

diagnosis without causing ionization damage to the tissue or DNA [195,196]. Furthermore, THz 

has a longer wavelength than infrared and visible light, and scattering losses in biological tissues 

are negligible [195,196]. However, there are limitations for using THz in imaging biological 

tissues, which include absorption of THz radiation to water content, which limit the penetration 

into the human body in areas where water content is high [195,196]. The development of suitable 

THz sources is another challenge for using THz in imaging [195,196]. THz uses femtosecond lasers 

that are bulky systems and expensive to use [196]. Due to its long wavelength, THz imaging has 

limited spatial resolution [196]. To overcome the challenges of using THz in imaging, 

nanotechnology has been integrated to THz. This will be explained in the following section [196]. 

 

1.9.1.3 THz and cancer imaging 
 

 

Since THz radiation is strongly absorbed by water, normal tissues and cancer tissues can 

be differentiated, because their water contents are different [196]. It has been reported that 

cancer tissues show higher absorption coefficients and refractive indexes than normal tissues 

[195,196]. However, in this regard, THz radiation with low frequencies (0.5 THz) should be used, 

to give the highest contrast between normal cells and the cancerous cells, as a result, the 

resolution of the image will be affected [196]. Gold nanorods (GNR) were integrated to THz 

imaging to improve image contrast [202]. 
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Figure 1.5: THz spectrum and the potential applications of THz radiation. THz radiation lies 

between the microwave and infrared regions of the electromagnetic spectrum. THz 

frequencies start from 100 GHz to 10 THz on the electromagnetic spectrum which equals to 30 

mm–3000 mm wavelength or 3.33 cm-1–333 cm-1 wavenumber. THz has several applications 

including imaging biological tissues and proteins, and nucleic acids applications. Reprinted with 

permission from Yang et al. [195]. 

 

 

GNR were made so that they can only be absorbed by cells with high concentrations of 

Epidermal Growth Factor Receptor (EGFR), which is overexpressed only in cancer cells [203]. In 

order for theses nano-rods to work, they would need to be stimulated by IR illumination. The IR 

heats up the nanorods with a surface polaritons causing changing of THz properties of water 

inside the cancer cells, which in turn affects the reflectivity of THz [203]. 

 

THz was used in the detection of early breast cancer. In a study by Chen et al., in vivo THz 

transmission imaging was performed on a subcutaneous xenograft mouse model [204]. The 

results showed that THz can monitor the growth of breast tumor in vivo by distinguishing cancer 

from the surrounding fatty tissue [204]. This study revealed the potential of using a THz imaging 

system in the early detection of breast cancer [204].  
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In another interesting study, Yngvesson et al. showed the possibility to use a THz imaging 

system to determine the margins of malignant tissues in breast cancer by differentiating between 

breast carcinoma, normal fibro-glandular tissue, and adipose tissue [205]. Usually surgeons tend 

to remove the healthy tissue surrounding the malignant ones, and after at least one day 

examination of the excised tissue, some of the patients may undergo a second surgery. Using THz 

imaging in defining the margins of the malignant tissues is of great benefit for the patients, since 

it decreases patient injury, emotional stress and health care [205]. Recently, THz was used in the 

early detection of gastric cancer in vitro [206]. In this study cancerous tissues were successfully 

differentiated based on their higher THz reflection intensities compared with normal mucosa 

[206]. 

In summary, THz radiation has been used in many fields due to its low energy and non-

ionizing characters. Imaging using THz emerges as a novel tool in the biological medicine field. 

However, methods to overcome the disadvantages of THz imaging and improve the image quality 

of Terahertz Chemical Microscopy (TCM) have been established, which will be discussed in details 

in Chapter 5.  
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1.10 Thesis objectives 
 

 

The main objectives of the thesis are first, the development of aptamers against 

mammaglobin B and mammaglobin A (breast cancer biomarkers), and their characterization, 

which includes testing for their affinity and selectivity to their targets. Second, the selected 

aptamers are used to detect metastatic breast cancer cells in biological media (blood and plasma) 

using flow cytometry. Third, the selected aptamers are integrated into a new detection platform 

called Terahertz Chemical Microscopy (TCM) to detect metastatic breast cancer cells. 

 

The following is the breakdown of the main objectives. 
 

 

Objective 1: Screening of novel aptamers against breast cancer biomarkers (mammaglobin B and 

mammaglobin A) 

 
 

1. Screening new aptamers by applying hybrid SELEX (cross-over) for the recombinant 

form of the targets and breast cancer cell lines, along with applying the correct 

counter selections 

 
2. Using high throughput sequencing to reveal the aptamer sequences and their families 

 
 

3. Using specialized software and bioinformatics tools to analyze the sequences and 

choose the best candidates 

 
4. Testing the binding of the aptamer candidates to all cell lines used in the selection 

 

 

Objective 2: Characterization of the aptamer candidates and determination of the specificity 

for the highest affinity aptamers 

 

1.  Determine the dissociation constant (Kd) for the aptamer candidates 
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2. Determine the specificity of the aptamers with the highest affinity to the target cell 

line by testing the binding of these aptamers to other cancer and normal cell lines using 

flow cytometry and fluorescence microscopy 

 

Objective 3: Testing the potential of the highest affinity aptamers to detect cancer cells in 

blood and plasma samples and in cell mixtures (whole blood lysate spiked with cancer cells) 

 

Objective 4: Verify the targets of the aptamers on the cell surface and in solution 
 

 

1. Applying a pull-down assay to concentrate and determine the aptamer’s target 
 
 

2. Using transfection as a tool to identify the targets of the aptamers 
 
 

3. Testing the binding of the selected aptamers to their recombinant proteins in 

solution 

 
 

Objective 5: Testing the binding of the highest affinity aptamers to their respective cell lines 

using Terahertz Chemical Microscopy (TCM) technology. 
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CHAPTER 2 
 

 

Selection of aptamers against mammaglobin B and mammaglobin A 

proteins 
 
 

(The work in this chapter and the following ones (chapters 3 and 4) was accepted by Scientific Report 
Journal) 

 

2.1 Introduction 
 

2.1.1  Mammaglobin B and mammaglobin A proteins 

 

The identification and characterization of new biomarkers for the detection of breast 

cancer and CTCs from breast cancer is crucial for successful diagnosis and therapy. Mammaglobin 

B (MGB2) was first identified by Becker et al. in 1998 as a secretory protein and a member of the 

uteroglobin gene family [1]. MGB2 can be referred to as secretoglobin family 2A member 1 

(SCGB2A1), lipophilin C or lacryglobin [2]. MGB2 is a small protein consisting of 95 amino acids 

for the precursor protein, and 77 amino acids for the mature protein (the first 18 amino acids 

form a signal peptide which is cleaved off by proteases; only the mature protein is secreted from 

the cell), with a mass of 8.9 kDa and an isoelectric point of 4.94 for the mature protein [2]. 

Mammaglobin A (MGB1), another member of the uteroglobin gene family, was first identified by 

Watson and Fleming in 1996 [3]. MGB1 is also referred to as secretoglobin family 2A member 2 

(SCGB2A2), mammaglobin 1, or human Mammaglobin (hMAM), and consists of 93 amino acids 

for the precursor protein, and 75 amino acids for the mature protein. As with MGB2, the first 18 

amino acids correspond to a signal peptide which is cleaved for the secretion of the mature 

protein that has a mass of 8.5 kDa and an isoelectic point of 3.91. 

 

All secretoglobins, including MGB2 and MGB1, contain alpha-helices in their structure and 

are often found as dimers [5]. MGB2 is mostly expressed in mucosal tissues and is found at high 

levels in many secretions including those from uterine, prostatic, pulmonary, and lacrimal and 

salivary 
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glands [1,2,6,7]. Little is known about MGB2 and MGB1 function, but it has been reported that 

they have a role in cancer development, immune system regulation, chemotaxis, and the 

transport of aromatic molecules like steroid hormones and biphenyls [8-10]. MGB2 and MGB1 

often form dimers with other lipophilin proteins (MGB1 forms a dimer with lipophilin B (Figure 

2.1) [11]. A study by Zuo et al., proposed that MGB1 is a transmembrane protein due to the 

presence of an N-terminal domain that may act as a transmembrane domain, therefore, MGB1 

could be used as a marker of breast cancer [12]. On the other hand no similar studies were found 

for MGB2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.1: MGB1 dimer structure.  
MGB1 (in red) consists of two alpha helices and binds to lipophilin B (in blue). The four 
alpha helices interact together via six cysteines residues (in yellow as sticks) to form the 
complex. The two N linked-glycosylation sites are shown at the beginning and the end of 
the helix (green sticks) [11]. 

 
 
 

MGB2 and MGB1 are homologous (58% homology) [1], but they differ in their patterns of 

expression. MGB2 is expressed in the breast, uterus, salivary gland, tear fluid, thyroid, testis, and 

ovary [1,13]. On the other hand, MGB1 expression is exclusive to the adult mammary gland [14]. 

MGB2 is over expressed in several types of cancers, including breast [14], ovarian [16-18], and 

endometrium cancers [19]. It has been reported that MGB2 is a marker of CTCs found in the 

blood of breast cancer patients [20], whereas MGB1 is over expressed only in breast cancer 

[3,21,22]. 
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 Both proteins have been reported as markers of breast cancer micro-metastases to 

lymph nodes [14,23,24]. MGB1 has been investigated as a CTC marker in the blood of breast 

cancer patients; Real Time PCR (RT-PCR) is the method used to detect MGB1 mRNA in the blood 

[25-28]. MGB1 showed higher specificity than any other marker used in CTC detection (e.g. EGFR 

and CK- 19) in the blood of breast cancer patients measured by the RT- PCR method [29]. Since 

MGB1 is limited to breast cancer, it is a very attractive target and has higher clinical values than 

many other markers [30,31]. Recently, a MGB1 DNA vaccine has successfully passed phase 1 

clinical trial demonstrating the safety to use this vaccine in patients with metastatic breast cancer 

[32]. On the other hand, no further investigations of the role of MGB2 as a marker of CTCs in the 

blood of breast cancer patients have been done. 

 

No reports have been found in the literature that investigate the detection of CTCs  in the 

blood using MGB1 or MGB2, or both, as markers of CTCs from breast cancer using new methods 

(other than RT-PCR). Moreover, no reports have been published which establish new probes 

(other than antibodies) against these two biomarkers and investigate their binding to CTCs using 

new methods in vitro or in vivo. Herein, the development and characterization of aptamers 

against MGB1 and MGB2 were established for the first time. 

 

2.1.2 Hybrid (Cross-over) SELEX 

 

As mentioned in chapter one, cell-SELEX has many advantages over other types of SELEX. 

Moreover, cell-SELEX has several sub-types depending on the target used which include: whole 

cell culture or tissue as the target [33], recombinant protein and cells both as target [34], cells as 

target and antibodies as epitope pre-determination [35]. In this section, only the type that uses 

protein and cells both as target will be discussed as the core subject of the thesis. 

 

Purified recombinant proteins can be used as targets for SELEX [36]. Proteins are subject 

to posttranslational modifications when synthesized in the cell naturally, and thus the purified 

form of these proteins might not represent the real protein, especially in the case of highly 

glycosylated proteins [37].  

 

 



 

48 
 

Moreover, recombinant proteins or peptides often can not fold into the right three-

dimensional structure that is formed under physiological conditions [37], therefore this will affect 

the binding affinity of those aptamers to their corresponding targets on the surface of the cell 

[37]. To overcome this problem, cell-SELEX based technology was introduced to use whole live 

cells as targets in the selection process [38]. The cell has a large number of surface molecules and 

potential target biomarkers, and thus many unwanted aptamers will be generated [38,39]. 

Counter cell lines (control cells) that do not express the target biomarker of interest, or express 

it in very low levels, are used in a counter selection step to eliminate the unwanted aptamers at 

the end of the selection [37,39]. It has been reported that the target of interest could be over 

expressed in a particular cell line by gene transfection. The infected cell line could be used in cell 

SELEX [40], however many off-target surface biomarkers/molecules are co-expressed on the cells 

of interest leading to low enrichment of aptamers [39]. 

 

Hybrid or crossover SELEX was first established in 2001 by Hicke et al. In this study they 

developed aptamers with high affinity against Tenascin-C protein by alternating the selection 

process between the recombinant form of the protein and tumor cells [34]. In a subsequent study 

in 2006, Pestourie et al. developed aptamers against the mutated form of the membrane 

receptor tyrosine kinase RET [41]. Moreover, Parekh et al. screened a new aptamer against CD30 

(a protein over expressed in lymphoma) by a method called hybrid SELEX [42]. The C2NP aptamer 

has a high affinity to CD30 on the surface of lymphoma cell lines, and was proposed to be a 

potential target for cancer immunotherapy [42]. 

 

Hybrid SELEX leads to a higher enrichment of aptamers against the target of interest, since 

the DNA library is exposed to both the purified form of the protein, and the native form on the 

cell surface. Moreover, the aptamers resulting from hybrid SELEX are more specific to the tumor 

cell line versus the control cell line compared to aptamers developed using only whole cells as 

target [41]. Some limitations of hybrid SELEX include the requirement for more equipment, and 

a higher cost compared to a normal cell SELEX. 
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2.1.3 High throughput sequencing 

 

As mentioned in in Chapter one, HTS is a powerful tool that has improved the selection 

process in many ways. Many types of HTS platforms are commercially available [43]. Illumina’s 

platforms are the most dominant in the market of DNA sequencing [44]. Three major factors 

affect the use of a certain platform: the amount of output data that the machine can produce,  

the cost, and  the errors produced during sequencing [43]. So far, Illumina’s platforms have 

invaded the market with a series of models with improved output, and reduced cost and error 

[43,44]. The first Illumina platform was the Genome Analyzer II in 2006, followed by a set of 

advanced models [43]. The Illumina sequencing process starts with the proper preparation of the 

DNA library, in which specific adaptors are ligated (by regular PCR) to the DNA library. The DNA 

library is then fragmented to shorter sequences using enzymes. Complementary sequences for 

those adaptors are found on a glass flow cell to bind the adaptor-ligated DNA fragments. Bridge 

amplification then takes place on the surface of the flow cell, creating small clusters of identical 

sequences to be analyzed. One strand of DNA is removed, and fluorescently labeled nucleotides 

are passed by each cluster. For the first cycle, an image of the flow cell is recorded. The 

fluorescent label is cleaved and a second round starts again, passing fluorescently labeled 

nucleotides by each cluster. Another image is taken, and the whole DNA sequence is read by this 

process. All the sequences are then aligned to what they were before the fragmentation process 

[45,46]. Across all Illumina sequencers (HiSeq, MiSeq, and NextSeq 500), the overall error rates 

are below 1%, and the most common type of error is substitution [47]. 

 

Many algorithms have been developed to analyze HTS sequencing data [48-50]. 

AptaCluster is an algorithm which allows for an efficient clustering of HTS-SELEX aptamer pools, 

a task that traditional clustering algorithms could not accomplish due to the massive size of such 

datasets [51,52]. AptaCluster can cluster millions of sequences in the context of whole-cell HTS-

SELEX, without loss of noticeable performance [51,52]. AptaCluster is a good match in the case 

of HTS hybrid SELEX due to the large dataset obtained after HTS sequencing. The AptaCluster 

algorithm analyzes the HTS data according to sequence similarity [51].  
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AptaGUI is the visual face of AptaCluster, in which all the results are visualized and data 

are monitored in terms of sequence-based analysis of pools, including their round-to-round 

enrichments, and secondary structure predictions [53]. 

  

This chapter will describe the selection process of MGB2 and MGB1 aptamers in detail 

and their initial screening. 

 

2.2 Materials and methods 
 

2.2.1  Materials and cell culture supplements 
 

 

All amidites including, dA-CE Phosphoramidite, Ac-dC-CE Phosphoramidite, dmf-dG-5'-CE 

Phosphoramidite, dT-CE Phosphoramidite, 5’-fluorescein phosphoramidite (6-FAM), and 

reagents for DNA synthesis (Cap Mix A, Cap Mix B, Oxidizing Solution, Deblocking Mix) were 

purchased from Glen Research (USA). 1000Å and 500 Å DNA synthesis columns (Controlled Pore 

Glass (CPG)) were ordered from Bioautomation (USA). 

 

Glutathione S transferase (GST), MGB1, and MGB2 recombinant fusion proteins were 

purchased from Novus Biologicals (Canada), GST recombinant protein and Human 

Mammaglobin-B(SCGB2A1) ELISA kit were purchased from Cedarlane (Canada). Glutathione-

agarose beads were purchased from Sigma (Canada). Yeast tRNA and all tissue culture 

supplements were obtained from Thermo Fisher Scientific (Canada). Salmon sperm DNA solution 

was purchased from Invitrogen (Canada). Mammary Epithelial Cell Growth Medium (MEGM) and 

MEGM kits were purchased from Lonza (USA), Endothelial Cell Basal Medium MV 2 and MV2 kits 

were purchased from Promo-cell (Canada), Dulbecco's modified Eagle's Medium (DMEM), Eagle's 

Minimum Essential Medium (EMEM), and Fetal Bovine Serum (FBS) were ordered from Gibco™ / 

Thermo Fisher Scientific (Canada). Recombinant human insulin was ordered from Santa Cruz 

Biotechnology Inc. (USA). All chemicals and SELEX reagents were purchased from Sigma and 

Bishop (Canada) unless otherwise indicated. All buffers were prepared with Milli-Q water and 

filtered with Corning 0.22 µm cellulose acetate low protein binding filter units (Corning, USA). 
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2.2.2  Cell lines and cell culture 
 

 

MCF-7 (breast adenocarcinoma, ATCC: HTB-22), MDA-MB-415 (breast adenocarcinoma, 

ATCC: HTB-128), MCF-10A (fibrocystic disease, ATCC: CRL-10317), HCAEC (Human Primary 

Coronary Artery Endothelial Cells; Normal, (ATCC: PCS-100-020)), were purchased from American 

Type Culture Collection (ATCC). MCF7 and MDA-MB-415 were cultured in DMEM, 10% FBS and 

0.01 mg/ml human recombinant insulin as supplement. MCF10A cells were cultured in MEGM 

containing Bovine Pituitary Extract (BPE) (2 mL); human Epidermal Growth Factor (hEGF), 0.5 mL; 

hydrocortisone, 0.5, (0.5 mL); Gentamicin-Amphotericin (GA)-1000, 0.5 mL; insulin, 0.5 mL for 

every 500 mL of medium. HCAEC were cultured in MV2 basal medium phenol red- free containing 

Fetal Calf Serum (FCS) (25 mL); hEGF 0.5mL; Insulin-like Growth Factor (IGF-1) (0.5mL); 

Hydrocortisone, 0.5, (0.5 mL); Vascular Endothelial Growth Factor 165 (recombinant human) 

(0.5mL); Basic Fibroblast Growth Factor (recombinant human) 0.5mL; ascorbic acid 0.5mL for 

every 500 mL of MV2 medium. All cells were cultured in a 5% CO2-humidified chamber at 37ºC 

to reach 90% confluence before further sub culture or being used in experiments. 

 

2.2.3 DNA synthesis 

 

A MerMade 6 automated DNA synthesizer was used to synthesize all DNA sequences and the 

library. Phosphoramidite chemistry using solid phase CPG columns was used as the standard 

method of synthesis [54]. The following DNA sequences were used: ssDNA library: 5’-CAT GCT 

TAC CTA TAG TGA AC (N24) CTT TGA GAA CTG ACT CAT AC-3’, forward primer: 5’- (6-FAM)-CAT 

GCT TAC CTA TAG TGA AC-3’, reverse primer: 5’- (A20) GTA TGA GTC AGT TCT CAA AG-3’. All 

amidites and CPG columns were stored at -20 degrees C and were warmed to Room Temperature 

(RT) in a dessicator for 20 minutes, then amidites were dissolved in acetonitrile (ACN) under 

argon gas, and loaded onto the DNA synthesizer. Upon the completion of the synthesis process, 

all ssDNA was cleaved off the CPG solid support using ammonium hydroxide at high temperature 

(55ºC for 18 hours). After that, ssDNA was dried using a Speed Vac (Savant, USA) to be ready for 

purification using 12%-19% Polyacrylamide Gel Electrophoresis (PAGE).  
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Gel bands were heated in DI water overnight at 37ºC to release the DNA out of the gel, then 

freeze dried using a lyophilizer (LABCONCO, USA). Amicon ultra 0.5mL centrifugal filters (cut off 

3KDa) (Millipore, USA) were used to desalt all ssDNA. Then Cary 300 Bio UV-Visible 

Spectrophotometer (Agilent: Santa Clara, CA, USA) running the Cary Win UV Scan application 

software (Version 3.00 (1.82)) was used to characterize all ssDNA, and the molecular weight of 

all sequences was verified by ESI- LC-MS (McGill University, Canada). To make it easier to track 

the DNA during the selection, the ssDNA library was tagged with 6-FAM (fluorescein) after 

amplification by PCR (explained below) and was performed for the first time on the library with 

the primers before the start of the SELEX process. 
 

 

2.2.4 Hybrid (Cross-over) SELEX 
 

 

2.2.4.1 MGB2 and MGB1 Recombinant protein SELEX 

 

Glutathione-Agarose beads were used as the solid support in the protein SELEX. The 

beads were prepared by incubating them with DI overnight at 4˚C at a concentration of 200 mL/g 

for 100% swelling. The beads were then spun down at 1000 g for 1 min, washed with DI followed 

by binding buffer (150 mM Tris, 150 mM NaCl, 5 mM KCl, 5 mM MgCl2, pH 7.4). MGB2 or GST 

proteins were immobilized on the beads by incubating 16µg of GST protein and 9 µg of MGB2 

with 100 µL of the beads in binding buffer at RT for 30 min. The beads were spun down in the 

same way as above, and washed with binding buffer three times. To verify the binding of the 

protein to the beads, the washes were scanned at 280nm using the UV-Vis. Round 1 of the SELEX 

process started with heating the tagged DNA library (pool) at 95ºC for 5 min and gradually cooled 

for 10 min at 4ºC then 10 min at RT (to allow the DNA to fold into the right 3D structure). 5 µL of 

the starting DNA library were transferred to a separate tube (to be used later in calculating the 

percentage recovery of the DNA).  A counter selection round was then performed on GST-beads 

by incubating 5 nmoles of ssDNA library with 100 µL of the beads in binding buffer for 1 hour at 

RT. The pass through solution (containing sequences that did not bind to GST-beads) was 

collected to be used as the starting pool for MGB2 selection (Positive selection).  
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MGB2 first-round was done in the same way as GST, but the incubation time of the pool 

with MGB2 was 30 min. A partitioning step to separate the bound from un-bound sequences took 

place by washing the beads with binding buffer two times.  The protein-DNA complex was eluted 

using elution buffer (7 M urea, 5 mM EDTA, pH 5.5) heated at 95ºC five times each in 100 µL. In 

order to separate the DNA from the protein-DNA complex, a phenol-chloroform extraction 

followed by ethanol precipitation was performed (Figure 2.2) [55]. The percentage recovery of 

the first- round DNA was then calculated by a Fluorolog (HORIBA, using HORIBA FluoroEssence 

V3.5 software, USA) in which the fluorescence intensity of 6-FAM tagged to the ssDNA pool was 

recorded by observing the emission peak of 6-FAM at 520 nm. The percentage recovery of the 

bound DNA was then calculated as percentage of DNA bound = the intensity of the total elutions 

the intensity the initial pool. Elutions were then recovered, and a desalting step was done before 

the amplification (PCR) to ensure no salts were present which could interfere with the 

amplification. 

 

DNA was then prepared for PCR as follow, for 100 µL of PCR reaction: 50 µL of 2X Flu-Mag 

buffer (100 mM KCl, 200 mM Tris, 2% Triton X100 pH 9.00), 8µL of 25mM MgCl2, 2µL of 10mM 

DNTP, 0.5 µL of 0.2mM of forward primer, 0.5 µL of 0.2 mM of reverse primer, 1 µL Taq 

polymerase (5 units) were mixed with the DNA template. PCR was done using a thermal cycler 

(Eppendorf, USA) with the following conditions: denaturation of DNA at 95ºC for 30 s, annealing 

at 58ºC for 30 s, and elongation at 72ºC for 30 s for 25 cycles, then a final elongation step at 72ºC 

was done for 10 min. A purification of the first-round DNA for downstream processing was done 

as mentioned above, starting with PAGE, heat-shock, freeze drying, followed by desalting and 

quantification. Round 2 was then repeated the same way, and so on. Rounds of SELEX using 

MGB2 protein as the positive target, and GST as the counter selection target were repeated 15 

times. 

 

MGB1 was used as a counter selection instead of GST starting from round 16 until round 

18 of the MGB2 selection, resulting in the separation of the original DNA library into two halves.  
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Rounds 16-18 were applied same way as mentioned above, but the pass through from MGB1 in 

round 17 was kept as the starting DNA library for MGB1 selections. Rounds 19-21 of MGB2 SELEX 

were performed with GST as a counter selection. On the other hand, a SELEX for MGB1 was 

started using GST as a counter selection for 4 rounds, since MGB1 was already used as a counter 

selection for 3 rounds in the MGB2 SELEX (a total of 7 rounds for MGB1). All the downstream 

processing of both libraries was done as mentioned above. In order to increase the stringency 

throughout the selection for both libraries, the number of washes was increased (up to 5 times), 

the amount of the initial DNA was decreased to 100pmol, the amount of both the beads and 

proteins was decreased to 25 µl, and the incubation time for the counter selection step was 

decreased to 25 min and 15 min for the positive selection step. The SELEX selection for both 

MGB1 and MGB2 ended when the % recovery of both libraries reached a plateau. 

  

In summary, by the end of both SELEX selection processes, we had two enriched pools for 

both MGB1 and MGB2 with 21 and 7 rounds of SELEX for MGB2 and MGB1, respectively (Figure 

2.2). The same primers were used for PCR throughout all SELEX steps. 

 

2.2.4.2  Cell-SELEX on breast cancer cell lines using protein SELEX libraries 
 

 

Both final enriched DNA libraries stemming from protein SELEX were used as the initial 

pool for cell SELEX. Both MCF7 and MDA-MB-415 are breast cancer cell lines derived from 

metastatic sites. Both of them were used as the positive target in the selection of MGB2 and 

MGB1, respectively. MCF10A is an immortal breast cell line and was used as a counter selection 

target for both MGB2 and MGB1 SELEX. Another counter selection target used was HCAEC, a 

normal endothelial cell line. MGB2 and MGB1 ELISA kits were used to investigate the expression 

of MGB2 and MGB1 in all cell lines used in cell-SELEX.  

 

MCF10A and HCAEC (2X106 cells) were maintained in 100 mm tissue culture plates, and 

cells were washed with washing buffer (4.5g/L glucose, 5mM MgCl2 in PBS, pH 7.4) to remove 

media, using a cell scraper to scrape the cells for collection in a 1.5 mL Eppendorf tube. 
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 Cells were then centrifuged at 500 xg for 5 min and re-suspended in binding buffer (4.5g/L 

glucose, 5mM MgCl2, 2mg/mL BSA, 0.2 mg/mL yeast tRNA, 200µL of FBS in PBS, pH 7.4). At the 

same time, the DNA libraries of either MGB2 or MGB1 were prepared by heating and cooling 

down the same way as in the protein SELEX. The DNA library was then incubated with the HCAEC 

cell mixture for 1 hour at 4ºC. After the incubation, the cells were centrifuged as above. The 

supernatant, which contained the non-binding sequences to HCAEC, was incubated with MCF10A 

for 1 hour at 4ºC, and then cells were centrifuged as above, using the supernatant as the starting 

pool for MCF7 cells or MDA-MB-415 (Figure 2.2). In either SELEX, 1X106 of cells were maintained, 

scraped and collected in the same way as was described for the counter selection cells. The 

supernatant from the final counter selection cells was then incubated with the positive selection 

cells in binding buffer for 30 min at 4ºC. The cells were then centrifuged as described above. A 

partitioning step was then performed in the same way as in the protein SELEX by washing the 

cells three times with washing buffer (Figure 2.2). To obtain the target-bound DNA sequences, 

cells were re-suspended with 1 mL of washing buffer and boiled at 95ºC for 5min to pellet the 

cell fragments, and to obtain the bound DNA. The cells were then centrifuged at 12000 xg for 10 

min. and the supernatant was collected and dried overnight using a speed Vac. A PCR was then 

done on either pool following the same conditions used in the protein SELEX, but the number of 

cycles decreased to 20 PCR cycles instead of 25. Then downstream processing after PCR was done 

in the same way as described for the protein SELEX. The final ssDNA library was used as the 

starting pool for the second round of cell-SELEX, which was repeated 7 times for both MCF7 and 

MDA-MB-415. 

 

Cells have many receptors (potential targets) on their surface with which the DNA library 

has a chance to interact, therefore the final libraries after the 7 rounds of each MCF7 and MDA-

MB-415 selection were transferred back to protein SELEX for 2 rounds for each MGB2 and MGB1 

proteins to minimize the non-specific binders, and to ensure that the final aptamers would bind 

to MGB2 or MGB1 on the surface of breast cancer cells (Figure 2.2). 

 

Unlike the protein SELEX in which the percentage recovery of the DNA library was 

monitored by a fluorolog, flow cytometry (BD Accuri™ C6 Cytometer, using BD Accuri™ C6 

software, Canada) was used to monitor the binding of the final libraries to their cell line.  
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The random pool (before the SELEX), the enriched pools (last pool of protein SELEX) and the last 

pools of the whole cell SELEX were incubated at a concentration of 200nM with 2X105 cells of 

MCF7, MDA-MB-415, HCAE, and MCF10A and 0.3 mg/mL of ssDNA from salmon sperm, 0.5 

mg/mL bovine serum albumin (BSA) in 200µL of binding buffer for 30 min at 4ºC. The cells were 

then centrifuged as mentioned above, washed with washing buffer, centrifuged again, re-

suspended with 200 µL washing buffer, and loaded in a 96-well plate  read using flow cytometry. 

 
 
 
 
 

 
 

 
 
Figure 2.2: Schematic diagram of the hybrid SELEX method for the selection of MGB2 and MGB1-specific DNA aptamers. 
The hybrid SELEX in our experiment was divided into A: a protein-based SELEX, and B: a cell based SELEX. First GST-
MGB2 and GST-MGB1 proteins were used as targets for a random ssDNA library. After 21 rounds of selection, the 
enriched pool for both proteins were transferred to be used in cell SELEX in which HCAEC and MCF10A were used as 
counter selection cell lines. MCF7 was used as the positive selection cell lines for MGB2, and MDA-MB-415 was used as 
the positive selection cell line for MGB1. After 7 rounds of selection, the final pools for both targets were transferred 
back to the protein for another 2 additional rounds to make the library more specific to MGB2 and MGB1. The final two 
pools after that were prepared to be sent to HTS. 
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2.2.5  High throughput sequencing 
 

 

Several SELEX-rounds from each MGB2 and MGB1 hybrid SELEX were prepared for HTS 

sequencing. Special adaptors (DNA primers which contained a distinct barcode inserted within 

the primer sequence) were ligated to the desired libraries by PCR, using the same conditions used 

in the SELEX but with a minimum number of cycles (17 cycles). The final product was purified 

using 8% PAGE instead of 12% PAGE. In the case of MGB2, five libraries were prepared for HTS: 

R0, R16, R16 counter selection, R30, and R30 counter selection. From the MGB1 selection, eight 

libraries were prepared for HTS: R17 counter selection of MGB2, R4, R5, R7, R10, R11, R13, and 

R13 counter selection. All prepared libraries were combined in which the five pools for MGB2 

were sent as one sample at 75 ng total DNA and the eight pools for MGB1 as one sample at 75ng 

as well. Each separate round was distinguished using the barcodes inserted in the ligated 

adaptors. All samples were sent to Genome Quebec facility (Canada) to be sequenced using 

Illumina HiSeq sequencing platform. Upon receiving the HTS data, AptaCluster was used as the 

software to analyze the data, and RNAstructure software (Mathews Lab RNAstructure) was used 

to predict the secondary structure of the chosen sequences. Note that RNAstructure cannot 

predict G-guadruplexes structures. 

 

2.2.6 Screening of MGB2 and MGB1 aptamers 
 

 

The binding of the aptamer candidates from both MGB2 and MGB1 was tested against 

HCAEC, MCF10A, MCF7, and MDA-MB-415 cell lines by using flow cytometry. Each aptamer for 

each target was incubated at a concentration of 200nM with 2X105 cells of each cell line 

mentioned in 0.3 mg/mL of ssDNA (DNA for blocking), and 0.5 mg/mL BSA in 200µL of binding 

buffer for 30 min at 4ºC. The cells were then centrifuged in the same way as in SELEX, washed 

with washing buffer, centrifuged again, re-suspended with 200µL washing buffer, and loaded in 

a 96-well plate read using a flow cytometry. Each aptamer trial was repeated three times in 

duplicate for each sample. 
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2.3 Results and Discussion 
 

 

2.3.1 Monitoring the percentage recovery of MGB2 and MGB1 DNA libraries during the 

selection 

 
 

2.3.1.1 Monitoring the percentage recovery of DNA libraries during protein SELEX  

 

As Figure 2.3 illustrates, the percentage recovery of MGB2-binding DNA reached a plateau 

at round 15 (A). Due to the fact that MGB2 is 58% similar to MGB1 (as mentioned in the 

introduction of this chapter), MGB1 was used as a counter selection to enrich the library with 

aptamers more specific to MGB2, and the same applied for MGB1. It was noticeable that the 

percentage recovery for MGB2 library dropped to a little over half (3.38-1.35%) when MGB1 was 

used as a counter selection, which matched our expectations and the literature since both are 

similar proteins [1].  The percentage recovery of the MGB2 library increased to reach 4.8% after 

21 rounds of SELEX. This indicated that the library was now more enriched toward MGB2 protein. 

As we can see in Figure 2.4A, the percentage recovery for MGB1 was higher than the percentage 

recovery for MGB2 in round 17. The pool in round 17 was more specific to MGB1 protein, and 

this pool was used as the initial pool to select aptamers against MGB1. In Figure 2.3B, the 

percentage recovery against MGB1 increased to reach 4.8% in the last round of SELEX, which was 

similar to that of MGB2.  

 

MGB2 and MGB1 are found as dimers with lipophilin proteins (as discussed in the 

introduction of this chapter).  Counter selection against lipophilin proteins did not take place 

because of the fact that the potential selected aptamers for both MGB2 and MGB1 might bind 

to the site that connects the two proteins together. Therefore, the binding could not be achieved 

if the sequences against lipophilin were excluded by a counter selection step.  
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2.3.1.2 MGB2 and MGB1 are exclusively expressed in positive selection cell lines and not in 
 

the counter selection cell lines 

 

The final pools of both protein SELEX procedures were transferred to breast cancer cell 

lines MCF7 and MDA-MB-415, in order to enrich the DNA pools against the native form of MGB2 

and MGB1 on the surface of their cells. As mentioned earlier, the expression of MGB2 and MGB1 

was investigated in all cell lines, using MGB2 and MGB1 ELISA kits before cell-SELEX was initiated. 

As Figure 2.4 showed, the highest expression of MGB2 and MGB1 proteins was observed in MCF7 

and MDA-MB-415 cells (16.19 and 21.98 ng/mL respectively).  

 

The lowest level of MGB2 and MGB1 was seen in HCAEC cells (around 0.25 ng/mL for both 

proteins). MCF10A cells showed low levels of MGB2 and MGB1 (2.4 and 3.7 ng/mL respectively). 

MDA-MB-415 and MCF7 expressed low levels of their counter proteins (Figure 2.4). Our ELISA 

results confirmed the results found in previous studies [1,3]. 

 

The final pools from the protein SELEX for each target, were transferred to cell lines to 

perform cell–SELEX. It was expected that the MGB2 pool of selected aptamers would bind 

preferentially to MCF7 cells, while the MGB1 pool of selected aptamers would bind preferentially 

to MDA-MB-415 cells. 
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A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.3: Percentage recovery of MGB2 (A) and MGB1 (B) ssDNA libraries monitored using a 

fluorolog. The emission of the tagged ssDNA libraries (with 6-FAM) was monitored at 520nm 

using a fluorolog. The percentage of ssDNA that bound to the targets (percentage recovery of 

DNA) was calculated as percentage of DNA bound = the fluorescence intensity of the total 

elutions / the fluorescence intensity the initial pool. 
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A  B 

   
 
 

Figure 2.4: MGB2 and MGB1 expression of the lysate of all cell lines used in cell-SELEX. The highest expression of 
MGB2 and MGB1 proteins was observed in MCF7 (A) and MDA-MB-415 cells (B) (16.19 and 21.98 ng/mL 
respectively). The lowest expression of the same proteins was seen in HCAEC cells (around 0.25 ng/mL for both 
proteins). MCF10A showed low expression levels of both proteins, MDA-MB-415 and MCF7 expressed low level of 
their counter proteins. The expression of MGB2 and MGB1 was measured using ELISA kits for both proteins. 
 
 
 

 

2.3.1.3 Monitoring the percentage recovery of DNA libraries during cell SELEX 
 

 

R0, R21 MGB2, R4 MGB1, R30 MCF7 and R13 MDA-MB-415 were monitored during SELEX 

against the cell lines (live cells were used) used in the selection by flow cytometry, in which pools 

of aptamers, tagged with 6-FAM, were mixed with cells and monitored by counting 10000 events. 

 

The results showed that the last selection round (R13) against MDA-MB-415 cells had the 

highest fluorescence intensity (40409.41) (Figure 2.5 D and G) compared to cells only 

(background) and counter selection cell lines (Figure 2.5 A-C). Similar results were shown when 

monitoring R30 of MCF7 which had a fluorescence intensity of 32199.84 (Figure 2.5 E and H). The 

enriched pools for both targets bound to their respective positive cell lines, but R13 for MGB1 

bound more to MDA-MB-415 (9513.33) than to R21 MGB2 (7076.7). Low non-specific binding of 

all pools was observed when testing them against the counter selection cell lines, HCAEC and 

MCF10A, compared to cells only (Figure 2.5 A, B, C, F, G and H). 

 

The binding of the last pools to both targets (R30 MCF7 and R13 MDA-MB-415) was 

significant (P<0.05) compared to counter cells. Moreover, the binding of rounds 21 of MCF7 and 
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4 of MDA-MB-415 was also significant (P<0.05) compared to counter cells. The binding of round 

0 (the initial pool) was not significant (p>0.05) compared to counter cell lines. Finally, the binding 

of counter cells was not significant (P>0.05) compared to cells only. 
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Figure 2.5: Flow cytometry monitoring results of R0, R21 MGB2, R4 MGB1, R30 MCF7 and R13 MDA-MB-415 against cell 
SELEX cell lines. A: fluorescence intensity of all cell lines alone without any treatment (cells only) B: fluorescence intensity 
of HCAEC cells (counter selection cells) when binding to all pools from different rounds. C: fluorescence intensity of 
MCF10A cells (counter selection cells) when bound to all pools from different rounds. D: fluorescence intensity of MDA-
MB-415 cells (positive selection cells) when bound to R0, R4, and R13 of MGB1. E: fluorescence intensity of MCF7 cells 
(positive section cells) when bound to R0, R21, and R30 of MGB2. F-H: Histograms with the exact values of fluorescence 
intensities (from A-E) of all pools tested against all cell lines. Error bars represent the S.E.M. of three trials. The statistical 
significance was determined by one-way ANOVA, followed by the Fisher LSD test using SPSS software (SPSS, version 23). 
The p values less than 0.05 were considered to be significant. 
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2.3.2 Computational and bioinformatics analysis using AptaCluster software 
 

 

Several DNA pools from both selections were sent to HTS. AptaCluster software was 

obtained from collaborators (Teresa M. Przytycka, and Jan Hoinka) at the National Institute of 

Health (Washington, D.C., USA). AptaCluster grouped both MGB2 and MGB1 target datasets into 

clusters, according to their sequence similarity (in our case, sequences which had 6 or less base 

differences were grouped in the same cluster). In each cluster, sequences were organized 

according to their count (frequency). The sequence with the highest count in each cluster is called 

a seed sequence. AptaCluster allows for the screening of all sequences (from all the different 

clusters) of analyzed SELEX rounds according to their count or enrichment, thus making it easier 

to organize all the sequences to choose from by exporting them into a separate file. 

 

The bioinformatics analysis by AptaCluster revealed information about many aspects of 

the SELEX process by providing specific data for each round analyzed. The pool size (total number 

of sequences) in each selection round (the analyzed rounds) for both MGB2 and MGB1 selections 

was found to be at least 10 million for each target. The random region size analysis for MGB2 

showed that the majority of the sequences in the last round had 25 bases in their randomized 

region, compared to 24 bases in the starting pool (Figure 2.6). This one base increase was a result 

of a mutation during the SELEX process, as a result of PCR. The random region size of the MGB1 

pool was 24 bases. Many studies have shown the generation of new sequences as a result of 

mutation during the SELEX process [56-58]. These mutations could increase the binding affinity 

of the aptamers to their targets and can show vital structural information regarding the effects 

of specific nucleotides on binding affinity [56]. In our case, the increase in the random region size 

for MGB2-binding sequences might be a great benefit towards the binding affinity of MGB2 

aptamers to their target. 

 
 

The bioinformatics analysis also showed the distribution of the four bases in the 

sequences generated for each target. For MGB2, the starting library had almost an equal random 

distribution of the four bases (20-27%, Table 2.1).  
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This distribution noticeably changed during the selection process to favour more “C”s and ”G”s 

(Table 2.1). Conversely, the MGB1 starting library had noticeably higher percentage of the bases 

“C” and “G” regards to the other bases (28-30%). The distribution changed toward “T” and “G” 

bases in the final round (Table 2.1). The non-even base distribution of the MGB1 starting library 

was expected since the starting library was obtained from R17 of the MGB2 pool, and not 

synthesized as a separate pool. It has been reported that a good starting pool (ssDNA library) 

should have a random region consisting of an equal distribution of all the four bases [59]. 

Therefore, our starting library (pool) distribution matched the literature and matched our 

expectations. Moreover, the high percentage of “G” bases in the final rounds (as obtained from 

AptaCluster analysis) of both targets is a normal output and it might indicate the presence of 

aptamers that have G-quadruplex structures, considered to be the most common ssDNA 

structures identified by SELEX [60]. 
 
 
 
 
 

 

25 
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Figure 2.6: Analysis of the random region size of MGB2 last round pool using AptaCluster. Last round of 

MCF7 (MGB2) showed the dominant size of random region is 25 bases (blue) and other sizes 24 and 26 

(red). 
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Table 2.1: Distribution of the four bases in the random region of the starting library (R0) and the final pools (R30, 

R13) for MGB2 and MGB1 targets as obtained from bioinformatics analysis using AptaCluster software. 

 

Base distribution 
A T C G 

(%)     

  MGB2   

Initial round (R0) 20.1 26.4 27.6 26.0 
     

Final round (R30) 22.1 17.7 30.7 29.6 
     

  MGB1   
     

Initial round (R0) 22.8 19.7 28.2 29.3 
     

Final round (R13) 17.6 21.5 26.6 34.3 
     

 
 

 

Moreover, the HiSeq data analysis showed that the percentage of the unique sequences 

(expressed here by singleton) for both targets decreased in the last round of SELEX compared to 

R0 (Figure 2.7 A and B (red columns)). If the pool size was taken into account, corresponding to 

the unique sequences in every round, the result would be a unique fraction which also decreased 

for specific nucleotides as the SELEX progressed for both targets (69.00 to 12.38 in MGB2 and 

54.11 to 7.34 for MGB1, Figure 2.7 A and B (green columns). The reason behind the decline in 

either the percentage of unique sequences or the unique fraction is that the starting libraries for 

both targets were not enriched for a specific target. Thus, they contained a large number of 

unique sequences that decreased as the SELEX advanced, reaching the lowest limit in the final 

round when the library was more enriched for specific targets. Another important finding the 

bioinformatics analysis revealed was that the ssDNA libraries of both targets were enriched as 

the SELEX advanced; for MGB2 the enrichment values increased from 5.09 to 30.93 (Figure 2.7A), 

and for MBG1 from 20.61 to 27.12 (Figure 2.7B). Once again, the starting enrichment value of 

MGB1 pool was higher compared to MGB2 pool (as indicated by the values shown in Figure 2.7). 

This was due to the fact that the starting pool of MGB1 was already enriched (21 compared to 5 

for MGB2) as MGB1 was used as a counter selection in MGB2 protein SELEX.  
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In addition, AptaCluster analysis showed the number of copies of sequences (count) in 

each round. It was assumed that the number of copies for a certain sequence was a reflection of 

higher binding affinity, and that it would indicate that the SELEX process was free of artifacts as 

the high count sequences were present in the initial pool as well [51]. Artifacts are revealed as a 

large fraction of sequences in the final pool being absent from the initial pool, indicating that 

they were introduced in a later stage of the SELEX process [51]. This introduction could be the 

result of artifacts introduced or the enrichment of a high affinity sequence, if the sequence was 

found in the initial pool and enriched as the SELEX advanced. The only way to verify this is by 

testing the highest count sequences and this was applied to our SELEX. 

 

It was clear that changing the conditions that were applied to the SELEX of both MGB2 

and MGB1 (number and volume of washes, pool and target concentrations, and other conditions 

as mentioned earlier in the method section of this chapter) increased stringency, leading to 

increased enrichment of common sequences, and decreased enrichment of unique sequences as 

the SELEX progressed. Moreover, applying the counter selection in every round, simultaneously 

with the positive selection, facilitated the elimination of the sequences that could bind to a 

structurally similar target (in our case MGB1 in the protein SELEX and MCF10A in the cell SELEX), 

thus further enhancing the selectivity of the aptamers. Another important factor, which led to 

increased enrichment of the ssDNA libraries, is the number of selection rounds. In our case, the 

enrichment was increasing with increasing number of rounds, as indicated by the percentage 

binding of ssDNA libraries to both targets (Figure2.3 and Figure 2.5). This indicated that a high 

number of selection rounds was vital to fully enrich the ssDNA libraries for sequences with 

desired affinity. 

Upon the completion of HiSeq data analysis, 12 sequences for MGB2 aptamers and 8 

sequences for MGB1 aptamers were chosen for further investigation (binding and affinity 

studies) from the final rounds of SELEX. Aptamers were chosen according to their count (seed 

sequences) and enrichment values. Aptamers with the highest count in all clusters were chosen 

(MAMB0 (34108 copies), MAMA1 (223690 copies)), as well as the seed sequences from candidate 

clusters for both targets. Aptamers with higher enrichment values in positive selection rounds 

compared to thethe counter selections of the same round (e.g. MAMB6, MAMA5) were also 

chosen.  
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To investigate the role of enrichment values provided by AptaCluster in the binding of 

these aptamers to their targets, some of the aptamers that were chosen have the same or less 

enrichment than the counter-selection pools (e.g.MAMB1, MAMB4, MAMA2). Table 2.2 shows 

the exact sequences for both targets and their enrichment values. 
 
 

 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.7: The experimental details of both A: MGB2 and B: MGB1 as shown by 
AptaCluster software analysis. The unique sequences decreased in the selections for both 
targets and the unique fraction is shown. The percentage of the unique fraction is 
represented by singleton, which also decreased for both targets. The enrichment values, 
however, increased during the selection for both targets as well. 
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Table 2.2: MGB2 and MGB1 sequences and enrichment values 
 
 

Name/ Aptamer sequence (5’-3’) Enrichment of 
cluster 5’ 20 bases forward primer (N 25 or 24) 20 bases Positive /Counter 

 reverse primer’3   
    

MAMB0 CATGCTTACCTATAGTGAACCCCAACACACGTGTAGA 241.990 175.373 
 TCCTGCGGCTTTGAGAACTGACTCATAC   
    

MAMB1 CATGCTTACCTATAGTGAACCCAACGTCGAACTGAATC 122.649 123.569 
 CCGTGTCCTTTGAGAACTGACTCATAC   
    

MAMB4 CATGCTTACCTATAGTGAACGCGGCATGTTGGCATCTT 11.636 11.079 
 GGTCCTGCTTTGAGAACTGACTCATAC   
    

MAMB6 CATGCTTACCTATAGTGAACCCACACGATATGGCGCTA 143.579 96.389 
 CACCGTGCTTTGAGAACTGACTCATAC   
    

MAMB8 CATGCTTACCTATAGTGAACCACGACACGCGCGATCG 60.063 51.133 
 TCTCACTGCTTTGAGAACTGACTCATAC   
    

MAMB12 CATGCTTACCTATAGTGAACCCACCACACAGCGGATAC 920.639 680.997 
 ACCATGGCTTTGAGAACTGACTCATAC   
    

MAMB19 CATGCTTACCTATAGTGAACCCACCACGATCGATCGTA 157.224 121.557 
 CCACGTCCTTTGAGAACTGACTCATAC   
    

MAMB21 CATGCTTACCTATAGTGAACCGTGGCGTGATGGACGT 68.241 40.644 
 GGGGATGGCTTTGAGAACTGACTCATAC   
    

MAMB29 CATGCTTACCTATAGTGAACCCCCAACGACACCGGATT 100.34 83.660 
 GCCCTTGCTTTGAGAACTGACTCATAC   
    

MAMB50 CATGCTTACCTATAGTGAACCCCGTAGCGATGACCGAT 162.864 125.615 
 CGATGTGCTTTGAGAACTGACTCATAC   
    

MAMB57 CATGCTTACCTATAGTGAACCCGAAGAGGATGTGCGG 80.200 61.521 
 TCCCATTGCTTTGAGAACTGACTCATAC   
    

MAMB198 CATGCTTACCTATAGTGAACCCGGGGGATGTGGACAG 305.155 182.854 
 AACGTGCGCTTTGAGAACTGACTCATAC   
    

MAMA1 CATGCTTACCTATAGTGAACGCGGCATGTTGGCATCTT 25.80 15.93 
 GGTCCTCTTTGAGAACTGACTCATAC   
    

MAMA2 CATGCTTACCTATAGTGAACCCGGGACAGAACGTGCG 5836.12 5277.48 
 CTTTGAGCTTTGAGAACTGACTCATAC   
    

MAMA4 CATGCTTACCTATAGTGAACGCGGCATGTTGGCCATCT 1833.64 690.30 
 TGGTCCCTTTGAGAACTGACTCATAC   
    

MAMA5 CATGCTTACCTATAGTGAACGGTTGGCATCTTGGTCCT 1666.05 236.97 
 GCTTTGCTTTGAGAACTGACTCATAC   
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MAMA6 CATGCTTACCTATAGTGAACTGTTGGCATCTTGGTCCT 1242.12 191.94 
 GCTTTGCTTTGAGAACTGACTCATAC   
    

MAMA7 CATGCTTACCTATAGTGAACGCGCATCTTGGTCCTGCT 1084.41 180.49 
 TTGAGACTTTGAGAACTGACTCATAC   
    

MAMA12 CATGCTTACCTATAGTGAACGTTGGCATCTTGGTCCTG 1409.74 242.50 
 CTTTGACTTTGAGAACTGACTCATAC   
    

MAMA13 CATGCTTACCTATAGTGAACGCGGCATGCATCTTGGTC 1330.87 286.83 
 CTGCTTCTTTGAGAACTGACTCATAC   
    

 
 
 

 

2.3.3  Secondary structure prediction of the aptamer candidates 
 

 

The structural analysis of many aptamers show that they form pockets when interacting 

with their targets by folding into distinct 3D structures (including stems and loops) [61]. The 

folding occurs only when they are interacting with their targets, therefore they are unstructured 

when they are free in solution [61,62]. The knowledge of the aptamer structure is important to 

know the binding mechanism and therefore might affect the binding affinity. 

 

In our results, the secondary structures of the chosen aptamers from the selections for 

MGB2 and MGB1 (12 for MGB2 and 8 for MGB1) were predicted using RNAstructure software. 

Figure 2.8 showed most of MGB2 and MGB1-binding sequences had simple structures (e.g. 

MAMB6, MAMB19) and some of them had more complex structures (e.g. MAMB 198, MAMA 

13). The structure of these aptamers, however, may become more complex when interacting 

with their targets. Moreover, some of the software used to predict the secondary structure of 

the aptamers does not recognize special structures such as pseudoknots and G- quadruplexes 

that could be found in our selected aptamers. 

 

It has been reported that most of the existing aptamers generated from SELEX have 

simple structures with low degrees of complexity and that highly complex structures are less 

abundant [63,64]. For example, aptamers that bind to adenosine triphosphate (ATP) and 

streptomycin have simple structures (linear stem loops) [65,66]. The reason behind this is that 

the starting ssDNA libraries have limited structural diversity (due to the fact that DNA has only 

 



 

72 
 

 

four bases (A,T,G,C)) [63]. Conversely, it has been shown that the structural complexity of a 

sequence depends on the length of that sequence. As the length increases, there is a higher 

probability of having structures that are more complex [67]. However, applying this to the 

starting libraries of SELEX is a challenge due to the lack of efficiency when synthesizing more than 

100 nucleotides [68]. In addition, a conserved region (primer binding site) of 15-20 bases must 

be included in the length of the sequence (on the 3’ and 5’ ends of the sequence). These 

sequences may participate in the binding of the aptamer to its target, but they also reduce the 

variable region size to 70 bases as a maximum number to generate new structures. 

 

In this context, the predicted secondary structures of our selected aptamers are simple, 

as are most of the selected aptamer sequences found in the literature. Moreover, the length of 

our aptamers was 65 bases for MGB2, and 64 bases for MGB1 (as showed by Table 2.2), which 

included the primer binding sites. Our starting library consisted of only 24 bases of variable region 

and therefore the selected aptamers had simple predicted structures. The reason behind 

choosing a short variable region, in our case, was the size of the targets. The goal of this thesis 

was to develop aptamers against two proteins, MGB2 and MGB1, using the recombinant human 

protein. The other targets in the hybrid SELEX were cells. Since proteins and cells are big in size, 

the binding of the aptamers to these proteins/cells may not require complex aptamer structure. 

This is unlike the binding of aptamers to small molecules, which requires aptamers with more 

complex structures [69]. 
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MAMA6 

      

 MAMA7  MAMA12  MAMA13 
 
 

Figure 2.8 : The predicted secondary structure of the chosen aptamers of MGB2 and MGB1 using 
RNAstructure software. 
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2.3.4 Screening of MGB2 and MGB1 aptamers 
 

 

The goal of this test was to perform initial screening (assessment) on the selected 

aptamers (12 for MGB2 and 8 for MGB1) to have a rapid yes or no answer to further test them 

for their affinity and selectivity. 

 

The binding of the chosen aptamer candidates to both targets was initially screened 

against the cell lines used in cell-SELEX, using flow cytometry. The screening results are shown in 

Figure 2.9, where the mean of fluorescence intensity represented the binding of the aptamer-

cell complex. The highest mean of fluorescence intensity of the aptamers binding to the target 

cell lines, compared to the counter selection cell lines (MCF10A and HCAEC), was 15647 for 

MAMA2 binding to MDA-MB-415 cells (Figure 2.9B). MAMB1 showed similar binding to MCF7 

cells (10586, Figure 2.9A). MAMB1 and MAMB12, MAMA2, MAMA5, MAMA6, MAMA7, and 

MAMA12 showed similar results (Figure 2.9 A and B). MAMB0, MAMA4, and MAMB57 showed 

low fluorescence intensity values (ranging from 3000 to 1600) binding to their target cancer cells 

MCF7 but still had higher binding to their target than to the counter selection cell lines (Figure 

2.9A). MAMA1, MAMA4, and MAMA13 showed non-specific binding to MCF10A cells (as 

indicating by their fluorescence intensity values), but this binding was still lower than that of 

these aptamers to MDA-MB-415 cells (Figure 2.9B). 

 

According to the results mentioned above, six aptamers out of twelve for MGB2 or MCF7 

binding aptamers (MAMB0, MAMB1, MAMB4, MAMB8, MAMB12, and MAMB57) were chosen 

to further investigate their affinity and selectivity. Four aptamers out of eight (MAMA2, MAMA5, 

MAMA6, and MAMA12) were chosen for MGB1 or MDA-MB-415 for further investigation of their 

affinity and selectivity. 
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Figure 2.8: Screening results of the aptamer candidates against cell-SELEX cell lines. A: Screening results 

of MGB2 aptamers showed six aptamers out of twelve (MAMB0, MAMB1, MAMB4, MAMB8, MAMB12, 

MAMB57) with higher fluorescence intensity in the positive selection cell lines than counter selection 

ones. B: Screening results of MGB1 aptamers showed high non-specific binding to the MCF10A cell line. 

However, some aptamers showed less non-specific binding (MAMA2, MAMA5, MAMA6, and MAMA12). 

Promising aptamers were chosen for further studies. The experiments were repeated twice. Results 

shown were means ± the standard error of the means (SEM). 
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2.4  Conclusion 
 

 

The first in vitro selections (SELEX) against MGB2 and MGB1 proteins were reported here. 

MGB2 and MGB1 aptamers were selected successfully from a random DNA library containing 24 

nucleotides as a random (variable) region, using hybrid SELEX as the main method of selection. 

Hybrid SELEX targeted specific proteins on the surface of the cell, in our case MGB2 on the surface 

of MCF7 cells and MGB1 on the surface of MDA-MB-415 cells. The percentage recovery of DNA 

for the last pools (R30 and R13) of the SELEX showed significant (P<0.05) and specific binding to 

target cancer cells lines (MCF7 and MDA-MB-415) but not to counter selection cell lines (HCAEC 

and MCF10A; Figure 2.5). 

 

The HTS sequencing technique, unlike the conventional cloning, opened the door to 

explore and monitor the dynamics that took place every round in the SELEX process (such as total 

number of sequences, count (frequency) of sequences, percentage of unique sequences, the 

distribution of the four bases, enrichment, and background binders) [70]. This allows the 

researcher to change the conditions of the SELEX to serve their needs, which was not possible 

before. In our study, HTS sequencing (using Illumina HiSeq as a platform and AptaCluster as 

software) was done on different chosen pools of both aptamers. Data analysis was performed on 

both targets to get aptamers arranged in different clusters with high enrichment and lower 

unique sequences (Figure 2.7). Several aptamers were selected from many of the clusters 

according to their count and enrichment (Table 2.2). 

 

The aptamer candidates were analyzed to predict their secondary structures, and were 

then screened against their target cancer cell lines, as well as counter selection cell lines (Figure 

2.9). To pass the screening test, a good aptamer should bind to the target cancer cell line, with 

minimal non-specific binding to the counter cell line. MAMB0, MAMB1, MAMB4, MAMB8, 

MAMB12, MAMB57, MAMA2, MAMA5, MAMA6, and MAMA12 aptamers were chosen to test 

their affinity towards their target cancer cell lines (Kd test) and their specificity by testing the 

binding of the high affinity aptamers to other cancer and normal cells. 
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CHAPTER 3 
 

 

Characterization of MGB2 and MGB1 aptamers and testing their 

binding to breast cancer cells in plasma and blood 

 

 

3.1  Introduction 
 

 

3.1.1  Methods of aptamer binding affinity 

 

As mentioned in Chapter 1, the dissociation constant (Kd) can be defined as Equation 1 

when the stoichiometry of binding of target to aptamer is 1:1, (Equation 1) [1]. 

𝐾d=  
[𝐀𝐩𝐭𝐚𝐦𝐞𝐫][𝐓𝐚𝐫𝐠𝐞𝐭]

[𝐜𝐨𝐦𝐩𝐥𝐞𝐱]
    Equation 1 

The Kd can be measured by different methods [1,2]. The simplest method is dialysis, which 

separates the free aptamers from the aptamer-target complex according to their size [1]. In 

dialysis, the aptmer-target complex is placed in one compartment which is separated by a semi-

permeable membrane from another one [1]. After reaching equilibrium, only the free aptamers 

can make it to the second compartment. The Kd is determined from the free aptamer 

concentrations, measured at different target concentrations, in the second compartment [1]. 

Measuring Kd using dialysis can be challenging, due to the experimental complications of this 

method. These challenges include the increased osmotic pressure as a result of impermeability 

of the target and the complex [3], and long incubation times which may affect the target and the 

ligand [3]. Other methods have been reported to measure aptamer Kds, such as surface plasmon 

resonance (SPR) and gel electrophoresis, that are typically limited to large targets such as 

proteins [4,5]. 
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In the case of aptamers selected by cell-SELEX, the most common method to determine 

the Kd is to measure the mean of fluorescence intensity by flow cytometry [6]. In this method, 

the aptamers are labelled and allowed to bind to their target cells without immobilization, thus 

increasing the chance of interaction. The Kd value is calculated by the following equation 

𝑌 = 𝐵𝑚𝑎𝑥
𝑋

𝐾𝑑+𝑋
     Equation 2 

 

where Y, Bmax, and X are fluorescence intensity, maximum fluorescence intensity, and aptamer 

concentration respectively [7]. Flow cytometry has many advantages including high sensitivity, 

very high statistical accuracy due to the large numbers of cells used, and the outcome data can 

be analyzed easily to provide quantitative results [6]. 

 

3.1.2 Aptamer interaction to their targets 

 

Aptamers resulting from cell-SELEX have the ability to interact with different cellular 

receptors (biomarkers), and thus provide valuable information on cellular activities and their 

response to the environment, particularly when used as a therapeutic agent [7]. Cell-SELEX 

aptamers are considered better than their antibody counterparts when binding to their targets, 

due to their high binding affinity (low Kd) and specificity. For example, the Kd of the HER2 (breast 

cancer biomarker) aptamer is 0.56 nM, compared to 18.9 nM for the antibody [8,9]. The small 

size of aptamers allows them to have a higher tumor penetration rate compared to antibodies, 

as well as reduced immunogenicity [10,11]. 

 

Specific binding of aptamers to their target is a requirement when using them in diagnosis 

or therapy. Aptamers can discriminate their targets on the basis of small structural differences 

such as the presence or absence of a methyl [12,13] or a hydroxyl group [14,15]. This degree of 

specificity is a result of the SELEX process, which allows for the elimination of sequences that 

bind to closely related analogs of the target in the counter selection step [12]. 

 

In the case of cell-SELEX against cancer cells, normal healthy cells from the surrounding 

tissue are the ideal counter selection targets in order to generate aptamers that discriminate 

cancer cells from normal healthy ones.  
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This has great benefits when using these aptamers as therapeutic agents, or for targeted delivery 

[16]. 

Aptamers bind to their target via a unique three-dimensional structure through the 

formation of non-covalent bonds such as van der Waals and hydrogen bonding [17]. The three-

dimensional structures of aptamer complexes form highly optimized scaffolds for specific ligand 

recognition [18]. The stability in the interaction (bond formation) affects the specificity of the 

aptamers. For example, the specificity of the AMP aptamer was attributed to a specific hydrogen 

bonding arrangement that involves pseudo-base pair formation with the ligand [19]. In a different 

study of the flavin mononucleotide-RNA aptamer complex, a similar aptamer ligand recognition 

conformation, based on hydrogen bonding and stacking interactions, was reported [20]. 

 

This Chapter describes the characterization of the affinity (Kd values) of the MGB2 (MCF7) 

and the MGB1 (MDA-MB-415) aptamers to their target cancer cells and their selectivity against 

other cancer and normal cells. It then describes the binding of the highest affinity aptamers to 

their target cancer cells in the complex environment of biological media (plasma and blood). 

 

3.2  Materials and Methods 
 

3.2.1 Materials and Cell Lines 

 

Plasma from human, human blood (Pb and Cd) (BCR® certified reference material) and 

Hank's Balanced Salt Solution (HBSS) without Ca2+ or Mg2+ were purchased from Sigma (Canada), 

EMEM was ordered from Gibco™ / Thermo Fisher Scientific (Canada). Human Primary Peripheral 

Blood Mononuclear Cells (PBMC), (normal, ATCC: PCS-800-011), HepG2 (hepatocellular 

carcinoma, ATCC: HB-8065), HeLa (human cervical carcinoma, ATCC: CCL-2), HEK-293 (human 

embryonic kidney, ATCC: CRL-1573), WI-38 (human lung normal fibroblast ATCC: CCL-75) were 

purchased from ATCC. Frozen stocks of MDA-MB-231 (breast adenocarcinoma) were obtained 

from Dr. Christine Pratt, Department of Cellular and Molecular Medicine, University of Ottawa. 

 
 

PBMC cells were cultured in HBSS, MDA-MB-231, HepG2, HeLa and HEK-293 cells were 

cultured in DMEM, 10% fetal bovine serum (FBS). WI-38 cells were cultured in EMEM medium 

with 10% FBS. All cells were cultured in a 5% CO2-humidified chamber at 37ºC and 95% humidity 

to reach 90% confluence before further sub-culturing, with the exception of PBMC that were 

harvested after 48 hours of culture. 
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3.2.2 Determination of Kd for MGB2 and MGB1 aptamers using flow cytometry 

 

All tested DNA aptamers were 6-FAM modified on their 5’ ends. MCF7 and MDA-MB-415 

cells (2.5 × 105) were fixed in 4% formaldehyde solution in PBS for 15 min at RT, then centrifuged 

at 1000 xg for 5 min, cells then were re-suspended in 250 µL of binding buffer (5 mM MgCl2 in 

phosphate-buffered saline (PBS; pH 7.4), 0.3 mg/mL of ssDNA from salmon sperm, and 0.5 mg/mL 

BSA). Aptamers were heated at 95ºC for 5 min and cooled down gradually as mentioned earlier 

in Chapter 2 to preserve their 3D structure. Fixed MCF7 and MDA-MB-415 cells were incubated 

with MGB2 and MGB1 aptamers, respectively, at different concentrations (0, 5, 10, 40, 60, 100, 

140, 160, 180, and 200 nM) at 4ºC for 30 min. Cells then were centrifuged as above and washed 

with washing buffer (5 mM MgCl2 in PBS (pH 7.4), then re-suspended in 250 µL of binding buffer. 

Pool 0 was used as a control in Kd determinations in which cells were incubated with the same 

concentrations as aptamers and tested against other Pools of aptamers and cells using flow 

cytometry. After flow cytometry, the mean of fluorescence intensity of each aptamer-cell 

complex Pool was subtracted from the mean of fluorescence intensity of Pool 0 aptamer-cell 

complexes at the same corresponding concentrations of cells and aptamers. 

 

3.2.3 Selectivity of MGB2 and MGB1 aptamers 

 

The highest affinity aptamers (lowest Kd values) were tested for their selectivity by evaluating 

their binding to cancer cells other than breast cancer cells and normal cell lines. MCF7, MDA-MB-

415, MDA-MB-231, HepG2, HeLa, HEK-293 and WI-38 cells (2.5 × 105) were fixed in 4% 

formaldehyde solution in PBS for 15 min at RT, then centrifuged at 1000 x g for 5 min. Cells then 

were resuspended in 250 µL of binding buffer. MAMB1, MAMB12, MAMA2, MAMA12 aptamers 

(200 nM each; heated and cooled down prior to use as mentioned above) were incubated with 

cells from each cell line at 4ºC for 30 min. Cells were then centrifuged as above, washed with 

washing buffer, and then re-suspended in 250 µL of binding buffer. Cells alone were used as the 

controls in which the mean of fluorescence intensity of each aptamer-cell complex of each cell 

line was subtracted from the mean of fluorescence intensity of cells alone of the same cell line. 
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3.2.4 Binding of MGB2 and MGB1 aptamers to their target breast cancer cells by fluorescence 
 

microscopy 

 

MAMB1 and MAMA2 binding aptamers were selected to further study their binding to 

breast cancer cells, other cancer cells and normal cells by fluorescence microscopy. Briefly, cells 

(5 × 105) were plated on coverslips in 35 mm tissue culture dishes and allowed to grow for 24 

hours in a tissue culture incubator (37°C at 5% CO2 and 95% humidity). Cells were then washed 

with PBS, fixed in 4% formaldehyde solution in PBS for 15 min at RT, washed again with PBS, and 

aptamers were added for 30 min at RT at a concentration of 300 nM in binding buffer (aptamers 

were heated and cooled down prior to use). Cells were then washed three times with cold PBS, 

and 4',6-diamidino-2-phenylindole (DAPI) (diluted 1:20,000 in PBS from a stock solution of 10 

mg/mL) was added for 5 min. Cells were then washed three times, for 5 min each, using deionized 

water. Coverslips were then mounted on microscope slides using VECTASHIELD mounting 

medium (Vector Laboratories, USA), and imaged using ZOE™ fluorescent cell Imager (Bio-Rad, 

Canada) using the green and blue channels. 

 

MCF7 and MDA-MB-415 cells were used as the target breast cancer cell lines for testing 

MAMB1 and MAMA2 aptamers respectively. HCAEC, MCF10A, HEK293, WI38, MDA-MB-231 and 

HepG2 cell lines were used as negative controls to test the selectivity of both aptamers. A random 

sequence was used as an aptamer control and was incubated with each cell line in the same way 

as the test aptamers, and imaged using fluorescence microscopy. 

 

3.2.5 Testing the binding of MGB2 and MGB1 aptamers to their target cell lines in human plasma and 
 

blood 

 

Human plasma was dissolved in deionized water for 2 hours on a shaker at RT. Human lyophilized 

blood was dissolved in deionized water for 3 hours on a shaker at RT. After that, 50 µL of blood 

was prepared and observed on a microscope slide. Red Blood Cells (RBCs) were then lysed by 

RBCs lysis solution (154 mM NH4Cl, 5.7 mM K2HPO4, 0.1 mM EDTA) for 15 min at RT. The blood 

was then centrifuged at 4,000 xg for 10 min and re-suspended with deionized water. PBMC cells 

represent normal peripheral blood cells and include mainly lymphocytes (T cells, B cells, natural 

killer cells) and monocytes. These cells were used as controls (i.e. non-cancerous). MCF7 and 

MDA-MB-415 were used as breast cancer target cells. 
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MCF7, MDA-MB-415, and PBMC cells (1 ×107) were fixed in 4% formaldehyde solution in 

PBS for 15 min at RT. Cells were then centrifuged at 1,000 xg for 5 min, and resuspended each in 

1 mL of human whole blood lysate and plasma to be used as the stocks. Two dilutions were 

prepared from the stocks (1,000 and 10,000 cells) from each cell line. MAMB1 and MAMA2 

aptamers were then incubated (heated and cooled down prior to use as mentioned above) with 

the dilutions prepared above, from each corresponding cell line at different concentrations (200, 

50, 25 nM for the plasma and 200, 100, and 50 nM for the whole blood lysate) to a final volume 

of 250 µL at 4ºC for only 15 min. to avoid any endonuclease activity from whole blood lysate and 

plasma components. Samples were then analyzed by flow cytometry by counting 1,000 events 

for both dilutions (Scheme 3.1). 
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Scheme 3.1. Schematic diagram of the experimental design of plasma and blood studies. A. Whole blood lysate 

and plasma experimental design: MCF7 and MDA-MB-415 were used as the target breast cancer cells, PBMC 

cells were used as the control (non-cancerous), target cells were incubated with their aptamers (MCF7 with 

MAMB1 and MDA-MB-415 with MAMA2). PBMC cells were incubated with the same aptamers. Different cell 

densities (1X104 and 1X103 cells) were used for each target cell with their aptamer, as well as PMBC cells. Cell-

aptamer complexes were then analyzed by flow cytometry. Different concentrations of the aptamers (50, 100, 

and 200 nM) were used in whole blood lysate experiments. In plasma experiments, 25, 50 and 200 nM of 

aptamers were used. B. Whole blood lysate spiking experiments: MCF7 breast cancer cells were incubated at 

different percentages with PBMC cells in blood to a total number of 1X104 cells at 200 nM of MAMB1. The same 

procedure was applied for MDA-MB-415 cells with their aptamer (MAMA2). After that, both samples were 

subjected to flow cytometry analysis. 
 
 
 
 

 

3.2.6 Testing the binding of MAMB1 and MAMA2 aptamers to their cancer cell lines in spiked 
 

blood 

 

MCF7, MDA-MB-415, and PBMC cells stocks (1X107 cells each) were used in this study. 

For each cell line cancer cells were spiked in different percentages in PBMC cells-whole blood 

lysate to a total number of 1X104 cells. The percentages of spiked cancer cells from each cell line 

were 0.01, 0.1, 1, 5, 10, 50, and 100%. MAMB1 and MAMA2 (200 nM each) were incubated with 

their corresponding spiked cancer cells in whole blood lysate at a total volume of 300 µL for 15 

min. at RT. The binding of aptamers to breast cancer cells was then analyzed by flow cytometry. 

 

3.3 Results and discussion  
 

3.3.1 Determination of Kd for MGB2 and MGB1 aptamers  
 

 

Aptamers that showed the best binding results from cell-SELEX for both MGB2 and MGB1 

selections were further tested for their affinity (Kd) to their corresponding cell lines using flow 

cytometry. Although live cells were used in the selection experiments, breast cancer cells as well 

as normal cells were fixed in all the characterization assays as well as in the complex media and 

TCM studies (chapter 3, 4 and 5). The reason behind the fixation was to obtain less variable 

results and to test the reproducibility of the aptamers. Live cells tend to give more variable 

results. When fixing the cells our target proteins (MGB2 and MGB1) would be crossed linked, as 

a result they might not be secreted outside the cells.  
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Therefore, this might affect our results in a way that these proteins would be more 

available on the surface of the cells and thus the mean of fluorescence intensity would increased. 

However, the proteases enzymes that cleave the signal peptide part of our proteins and release 

them outside the cells are not available in the cell medium. Thus, fixing the cells was a good 

approach to achieve our goals. 

     

MAMB0, MAMB1, MAMB4, MAMB8, MAMB12, MAMB57 were tested against MCF7 cells 

as described in the Materials and Methods section of this chapter. Two out of the six aptamers 

showed Kd values in the low nanomolar range (Figure 3.1A). MAMB1 had a Kd of 14 ± 4 nM against 

MCF7 cell line. MAMB12 had a Kd of 20 ± 6 nM against the same cell line (Figure 3.1B). MAMB0, 

MAMB4, MAMB8, MAMB57, showed Kd values of 80 ± 14 nM, 105 ± 20 nM, 78 ± 15 nM, and 72 

± 9 nM respectively. MAMA2, MAMA5, MAMA6, MAMA12 were tested against MDA-MB-415 cell 

line. MAMA2 and MAMA12 showed Kd values of 3 ± 1 nM and 8 ± 3 nM respectively, indicating 

that MAMA2 has higher affinity to MDA-MB-415 than MAMA12 (Figure 3.2). MAMA5 showed a 

Kd value of 55 ± 14 nM and MAMA6 had a Kd value of 50 ± 20 nM. Flow cytometry has been used 

by many to measure the Kd values of protein-binding aptamers and aptamers generated by cell-

SELEX, and these were reported to be in the nanomolar range [21-23] and our Kd values for both 

targets were within this expected range. 

 

It has been previously reported that determination of binding sites of a sequence through 

the predicted secondary structure and sequence truncation can affect the overall binding affinity 

of a sequence [24]. In our case, MGB2 and MGB1 aptamers were both selected from a 24 base 

variable region library. However, the length of tested aptamers is 65 bases for MGB2 and 64 

bases for MGB1, due to the addition of the 20 bases primers on the 5’ and 3’ ends, which might 

have helped in the interaction with the target molecule. Overall, the predicated secondary 

structure of all aptamers (presented in Figures 3.1 and 3.2) were relatively simple. MAMA2 

(which had the lowest Kd value) had few loops on the 3’ end. The 5’ end of MAMA2 had no loops, 

as predicted by its secondary structure (Figure 3.2A), indicating that the removal of the 5’ 20 base 

primer might impact its binding affinity. The same was applicable to the MAMB1 aptamer (Figure 

3.1 A). The secondary structure provided here was only a prediction of the most stable structure, 
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with different probabilities, as indicated by the colors (red had the highest stability and pink had 

the lowest stability). 

 

The enrichment of the sequences in the ssDNA libraries increased with the increasing 

number of selection rounds [25]. Therefore, enrichment could affect the binding affinity of the 

aptamers to their targets. In our case, and according to the HiSeq data analysis by AptaCluster 

(Section 2.4 (Table 2.2)), the enrichment value of MAMB1 was lower than MAMB12 of the same 

pool (122.649 and 920.639 respectively). 

 

It was almost the same for its corresponding counter selection cell line for MAMB1 

(122.649 vs 123.569) and higher in MAMB12 (920.639 vs 680.997).  

This might have been due to the fact that the MGB2 data was analyzed differently from the MGB1 

data (paired-end read vs single-end reads). The quality of MGB2 data received from the high-

throughput sequencing center could have affected the overall analysis, including the enrichment 

values. 

 

In contrast, the enrichment value of MAMA2 in the last pool of the positive selection cell 

line (MDA-MB-415) was higher than the one for MAMA12 of the same pool (5836.12 and 1409.74 

respectively). The enrichment of both was higher than that for their corresponding counter 

selection of the same pool (5836.12 vs 5277.48 for MAMA2 and 1409.74 vs 242.50 for MAMA12). 

This might explain the higher Kd value of MAMA2, compared to MAMA12 (3 vs 8 nM respectively). 
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A 
 
Kd =14.0 ± 4.0 nM  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Kd = 20.0 ± 6.0 nM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.1 Binding curves of 6-FAM-labeled aptamer sequences to MCF7 cells (MAMB1 (A) and MAMB12 

(B), (left) and the predicted secondary structure of MAMB1 and MAMB12 (right). The concentrations of 

DNA were 0, 5, 10, 40, 60, 100, 140, 160, 180, 200 nM and 6-FAM labelled Pool 0. The Kd values were 

analyzed using GraphPad Prism 3.0 by the classical Bmax equation. The secondary structure (right) of 

MAMB1 and MAMB12 was taken from Figure 2.7 and analyzed by RNAstructure software. Error bars 

represent the S.E.M. of three trails 
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A Kd =3.0 ± 1.0 nM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

B Kd =8.0 ± 3.0 nM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.2: Binding curves of 6-FAM-labeled aptamer sequences to MCF7 cells (MAMA2 (A) and 
MAMA12 (B), (left) and the predicted secondary structure of MAMA2 and MAMA12 (right). The 
concentrations of DNA are 0, 5, 10, 40, 60, 100, 140, 160, 180, 200 nM and 6-FAM labelled Pool 0. The 
kd values were analyzed using GraphPad Prism 3.0 by the classical Bmax equation mentioned in the 
introduction. The secondary structure (right) of MAMA2 and MAMA12 was taken from Figure 2.7 and 
analyzed by RNAstructure software. Error bars represent the S.E.M. of three trails. 
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3.3.2  Selectivity of MGB2 and MGB1 aptamers to other cancer and normal cell lines 

 

Many cell-SELEX aptamers have shown high selectivity when tested against non-target 

cancer and normal cell lines [21,23]. In our case, MAMB1, MAMB12, MAMA2, MAMA12 were 

tested for their selectivity to other cancer and normal cell lines by flow cytometry. 

 

Among all cell lines tested in this study, neither MGB2 nor MGB1 aptamers bound with 

high affinity to non-target cell lines (Figure 3.3). MAMB1 and MAMB12 did not recognize MDA-

MB-415 cells, which was used in the MGB1 cell-SELEX, which indicated the high selectivity of both 

aptamers. Moreover, none of the aptamers bound to MDA-MB-231 breast cancer cell lines 

(Figure 3.3A). MAMA2 and MAMA12 had the same binding pattern as the MGB2 aptamers (Figure 

3.3B). No binding was observed to non-target cell lines or to normal cell lines. This study indicated 

the specificity of MGB2 and MGB1 aptamers to their corresponding target cell lines. These results 

matched our expectations to develop aptamers with high affinity and selectivity to their targets. 

 

3.3.3 Fluorescence microscopy results showed high affinity of MAMB1 and MAMA2 to their breast 
 

cancer cells 

 

Using fluorescence microscopy to test the binding of aptamers to their target cells is a 

common method in the literature [26, 27]. Therefore, MAMB1 and MAMA2 were further tested 

by this method. MAMB1 and MAMA2 aptamers showed high specific binding to their target 

breast cancer cells lines MCF7 and MDA-MB-415, respectively (Figure 3.4A and D). MAMB1 did 

not show any binding to MDA-MB-415 cells (Figure 3.4F), and the same was observed with 

MAMA2 against MCF7 (Figure 3.4C). This matched our expectations, since the pool was divided 

into two parts when MGB1 was used as a counter selection target in the protein-SELEX (as 

mentioned in Chapter 2). No binding was observed when both aptamers were tested against the 

counter cell lines HCAEC and MCF10A (Figure 3.4G, I, J and L). No affinity was seen of the random 

sequence when incubated with the target cell lines MCF7 and MDA-MB-415 (Figure 3.4B and E) 

and the counter cell lines HCAEC and MCF10A (Figure 3.4H and K). 

Testing other cancer and normal cell lines with MAMB1 and MAMA2 aptamers, as well as 

the random sequence, showed no binding (Appendix A). The fluorescence microscopy results 

matched the selectivity results obtained by flow cytometry, indicating that both aptamers were 

selective to their breast cancer cell targets, using these two methods. 
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B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.3: The specificity of MGB2 (A) and MGB1 (B) aptamers to different cell lines. 
The cell lines used were MCF7 and MDA-MB-415, as the target cell lines, for both 
MGB2 and MGB1 respectively. WI-38 is a human normal lung fibroblast cell line. HEK 
293 is a transformed human embryonic kidney cell line. HeLa is a human cervical 
cancer cell line. HepG2 is a human liver cancer cell line. MDA-MB-231 is a breast cancer 
cell line. All were used to test the binding of MGB2 and MGB1 aptamers. Error bars 
represent the S.E.M. of three trails. 
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Figure 3.4: Fluorescence microscopy images of aptamers MAMB1 and MAMA2 binding to target cancer and counter 
selection cell lines. A: MAMB1 binding to MCF7 cells, B: random sequence binding to MCF7, C: MAMA2 binding to MCF7. D: 
MAMA2 binding to MDA-MB-415 cells, E: random sequence binding to MDA-MB-415, F: MAMB1 binding to MDA-MB-415, 
G-L: binding of both MAMB1 and MAMA2 as well as random sequence to counter selection cell lines HCAEC (G-I) and 
MCF10A (J-L). Both aptamers and the random sequence were incubated with the cells for 30 min and then imaged. Scale 
bars correspond to 25 µm in all images. 
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3.3.4 Binding of MAMB1 and MAMA2 to their target cell lines in plasma and whole blood lysate  

 

As mentioned in Chapter 1 of this thesis, flow cytometry is a popular method to detect 

cancer cells in solution, and since it has many advantages (including analyzing large numbers of 

cells), it was chosen to be used in our study. The ability of MAMB1 and MAMA2 aptamers to bind 

to breast cancer cells in plasma and whole blood lysate was investigated using PBMC cells as 

control. MCF7 and MDA-MB-415 were used as breast cancer cell line targets for MAMB1 and 

MAMA2 aptamers, respectively. The binding of the aptamers to their target breast cancer cells, 

as well as to control cells PBMC, was indicated by the mean of fluorescence intensity obtained 

from the flow cytometry instrument after counting aptamers that bind to the cells. 

 

The human plasma used in this study was prepared from pooled human blood (according 

to the source) and contained active clotting factors. The plasma results showed that both 

aptamers (MAMB1 and MAMA2) bound specifically (P<0.05) to their breast cancer cell target 

compared to non-cancerous cells (PBMC) (Figure 3.5). Moreover, the results revealed that the 

mean of fluorescence intensity for both aptamers was proportional to the concentration of the 

aptamer and the number of cells used in the study (Figure 3.5). MAMA2-MDA-MB-415 cells 

showed increased fluorescence intensity with increasing concentration of the aptamer from 25 

to 200 nM and from 1 ×103 to 1 ×104 cells (Figure 3.5A and D). The same was noticed in MAMB1-

MCF7 cells (Figure 3.5 A and D). However, MAMB1 aptamer showed a higher affinity for MCF7 

compared to MAMA2 aptamer affinity to MDA-MB-415 at all aptamer concentrations, and both 

1 ×104 and 1 ×103 cells. This could be seen in the values of the fluorescence intensity for both 

aptamers at all concentrations and number of cells used (Figure 3.5). The mean of fluorescence 

intensity of all aptamer-cell complexes was above that obtained from cells alone in plasma 

(without the aptamer) (Table 3.1). 

 

Further testing of the aptamers in more complex environments such as whole blood lysate was 

performed using flow cytometry. The lyophilized human blood samples that were used in this 

study contained all the blood components found in normal human blood (according to the 

source), which included lysed cells and plasma proteins (such as albumins, globulins, fibrinogen).  
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Cell lysis occurred due to the way the blood was handled (freeze-dried), and this was confirmed 

under the microscope, as the cells were not intact. 

 

The results using whole blood lysate showed that MAMB1 and MAMA2 aptamers 

significantly (P<0.05) distinguished MCF7 and MDA-MB-415 breast cancer cells from PBMC cells 

(Figure 3.6). The fluorescence intensity increased with increasing aptamer concentration, and 

number of cells, for both cell lines. MAMB1 had a higher affinity for MCF7 cells than MAMA2 had 

to MDA-MB-415 cells (Figure 3.6). The mean of fluorescence intensity of all aptamer-cell 

complexes was above that for cells alone in whole blood lysate (without the aptamer) (Table 3.1). 

 
When comparing plasma and whole blood lysate results, the mean of fluorescence 

intensity of the aptamer-cell complexes was higher in whole blood lysate for both aptamers at 

all concentrations and number of cells used. For example, the fluorescence intensity of MAMB1-

MCF7 cells at 200 nM and 1X104 cells was around 51,000 for plasma and 83,000 for whole blood 

lysate (Figures 3.4D and 3.5D respectively). This is could be due to the fact that the background 

for blood was higher than plasma (as indicated by the values of cells only in whole blood lysate;, 

Table 3.1), since it is a more complex mixture and contained more components (enzymes and 

proteins). However, the results indicated that MAMB1 aptamer is more specific and has higher 

affinity to its target cancer cells than MAMA2. This could be as a result of the PCR mutation during 

the SELEX process (as mentioned in chapter 2), that led to increasing the number of random 

region to 25 bases instead of 24 as it’s the case in MAMA2 aptamer. As discussed in chapter 2 

this mutation could increase the binding affinity of an aptamer as reported in the literature. 

 

In summary, the binding of MAMB1 and MAMA2 was studied in plasma and whole blood 

lysate-like environments. The main goal was to investigate the behavior of both aptamers in 

complex environments. It worth noting that both aptamers were unmodified in terms of adding 

functional groups, the only modification they had was 6-FAM labelling on the 5’ end for both 

aptamers. Blood and plasma are complex environments and contain an abundance of proteins 

and enzymes (nuclease) that could affect the binding of the aptamers (in this case MAMA2 

aptamer) to their targets.  
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Since both aptamers were unmodified, the aptamer incubation time with their target cells 

and normal cells (controls) was decreased from 30 to 15 min. Also, it is important to note is that, 

in the plasma experiments, the investigated concentrations of aptamers were lower than that 

used in the blood experiments due to the fact that plasma is a less complex environment. Lower 

concentrations of aptamer (25 nM) were tested in whole blood lysate but both aptamers did not 

show significant binding at this concentration (P>0.05), indicating that components of the blood 

interfered with aptamer-target binding (Figure 3.6G and H). 

 

The results showed here are promising to further test the aptamers in more complex 

environments that simulate the environment that CTCs circulate within, in which normal cells 

and cancer cells occur together in the whole blood. This will be discussed in the following section. 



 

104 
 

 
 
 
 
 



 

105 
 

 
Figure 3.5: Mean of fluorescence intensity of cancer cell lines (MCF7, MDA-MB-415) versus normal cells (PBMC) 
for MAMB1 and MAMA2 aptamers in plasma. A-C: Mean of fluorescence intensity of MAMA2- MDA-MB-415 

cancer cells at 200 nM (A), 50 nM (B) and 25 nM (C) of the aptamer at 1X104 and 1X 103 cells. D-F: Mean of 

fluorescence intensity of MAMB1-MCF7 cell complexes at 200 nM (D), 50 nM (E) and 25 nM (F) of the aptamer 

at 1X104 and 1X 103 cells. Error bars represent the S.E.M. of three trials. The statistical significance was 

determined by one-way ANOVA followed by the Fisher LSD test using SPSS software (SPSS, version 23). P Values 
less than 0.05 were considered to be statistically significant. 
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Figure 3.6: Mean of fluorescence intensity of cancer cell lines vs normal cells (PBMC) for MAMB1 and MAMA2 

aptamers in whole blood lysate. A-C: Mean of fluorescence intensity of MAMA2-MDA-MB-415 cell complexes 

at 200 nM (A), 100 nM (B) and 50 nM (C) of the aptamer at 1X104 and 1X 103 cells. D-F: Mean of fluorescence 

intensity of MAMB1-MCF7 cell complexes at 200 nM (D), 100 nM (E) and 50 nM (F) of the aptamer at 1X104 

and 1X 103 cells. G: Mean of fluorescence intensity of MDA-MB-415 cell-aptamer complexes at 25 nM of 

MAMA2 at 1X104 and 1X 103 cells. H: Mean of fluorescence intensity of MCF7 cell aptamer complex at 25 nM 

of MAMB1 at 1X104 and 1X 10 3 cells. Error bars represent the S.E.M. of three trials. The statistical significance 

was determined by one-way ANOVA, followed by the Fisher LSD test using SPSS software (SPSS, version 23). 
The p values less than 0.05 were considered to be statistically significant. 

 
 
 
 
 
 
 

        Table 3.1: Mean of fluorescence intensity of cells only (without aptamer) in plasma and whole blood lysates. 

 

Type of cells Mean of fluorescence intensity in Mean of fluorescence intensity in 
(Cells only) plasma whole blood lysate 

MCF7 2,104 2,624 

MDA-MB-415 1,598 1,945 

PBMC 854 1,168 
 
 

G H 
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3.3.5 Binding of MAMB1 and MAMA2 to breast cancer cells in mixture of cells in whole blood 
lysates 

 

In this Section, the binding of MAMB1 and MAMA2 aptamers to their target breast cancer 

cells was investigated, in a mixture of cells, using flow cytometry. The binding of MAMAB1 and 

MAMA2 was investigated in a more complex environment in which cancer cells were spiked in 

whole blood lysate containing PBMC cells. 

 

It has been reported that only a small portion of CTCs remain viable in the circulation 

(0.1%) and even fewer CTCs could initiate the metastasis (0.01%) [29]. Therefore, MCF7 and 

MDA-MB-415 were spiked separately at different percentages (as mentioned in the Material and 

Method section) in PBMC cells-blood suspension. The incubation time was 15 min to avoid any 

degradation of aptamers that could happen as a result of endonuclease activity of the blood 

components. 

 

The results showed an increase of the percentage of positive cells recognized by 6-FAM 

labeled MAMB1 and MAMA2 (output) with increasing the percentage of spiked breast cancer 

cells (input cells) from 3.1 (Figure 3.7A) to 93 (Figure 3.7H) for MAMB1 aptamer, and from 2.9 

(Figure 3.8A) to 93 (Figure 3.8H) for the MAMA2 aptamer. The increase of the percentage of 

positive cancer cells spiked (X-axis) and the percentage of positive cells identified by flow (y-axis) 

is linear for both aptamers as indicated by the R2 > 0.92 (Figures 3.7I and 3.8I). Moreover, we can 

see the appearance of the new population of detected cells at higher fluorescent intensities with 

increasing percentages of spiked cancer cells for both aptamers (Figures 3.7 and 3.8). 

 

MAMB1 and MAMA2 aptamers showed significant binding (P<0.05) to spiked MCF7 and 

MDA-MB-415 cancer cells respectively, in whole blood lysate containing PBMC cells at 5, 10, 50, 

and 100% compared to 0% (only PBMC cells). The detection at 0.01, 0.1, and 1% was approaching 

significance (P=0.07). Overall, the results of both aptamers were similar. Therefore, MAMB1 and 

MAMA2 have great potential to be used as breast CTCs biomarkers. Further testing of both 

aptamers in real clinical blood samples is required. 
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The limit of detection (LOD) of MAMB1 and MAMA2 in the spiked experiment was 

determined using the following formula: Limit of detection = 3* the standard 

deviation of the blank / by the slope of the calibration curve. LOD value was 4 cells in 10000 for 

both MAMB1 and MAMA2 aptamers using flow cytometry.  Moreover, limit of quantification 

(LOQ) was determined according t the following formula: Limit of quantification = 10* LOD. The 

value of LOQ for both aptamers was 40 cells.  These results showed that MAMB1 and MAMA2 

could detect 4 cells in 10000 of metastatic breast cancer cells using flow cytometry. Other studies 

showed similar LOD values [30]. Our results indicated that both aptamers could be used in the 

detection of metastatic breast cancer cells using flow cytometry.  

 

Many methods have been reported to detect different types of metastatic cancer cells in 

complex media using aptamers [31,32]. These methods includes microfluidic systems [33-35]. 

These devices are portable and sample and reagent volumes are small, allowing for fast capture 

of cancer cells. However, flow cytometry allows analysis of large number of cells besides sorting 

cells on a one-to-one basis [33]. The combination of both microchips and flow cytometry systems 

could be of great benefit in the field of cancer as separation and high throughput analysis of rare 

cell populations (such as CTCs) are needed [36]. Other method used aptamer-conjugated 

nanoparticles (streptavidin-conjugated fluorescent silica nanoparticles) to detect cancer cells 

from the liver using flow cytometry [37]. This method prevents the photobleaching of the 

fluorescent labels attached to the aptamer, and thus, increases the specificity of the aptamers 

[37]. 

 

Song et al. studied spiked metastatic breast cancer cells into cell media and detected 

them using the EpCAM aptamer and flow cytometry as the method of detection [38]. The results 

of this study showed an increase of the mean of fluorescence intensity of the aptamer binding to 

the cells, as the percentages of spiked cells increased in the cell media [38]. In our case, the flow 

cytometry method recognized as low as 5% spiked cancer cells (lower limit of detection; Figures 

3.7 and 3.8) indicating the potential use of our aptamers to detect CTCs from breast cancer. 
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Figure 3.7: Flow cytometric analysis of the recognition of MCF7 cells in spiked whole blood lysate by 6-FAM-labelled 
MAMB1 aptamer. MCF7 cells were spiked in whole blood lysate containing PBMC in different percentages (A-G: 0%, 
0.01%, 0.1%, 1%, 5%, 10%, 50%, and 100%). I: A plot of the positive cells (input) (X-axis) and the positive cells identified 
(Y-axis). Values are shown as means ± S.E.M. of three trials. The statistical significance was determined by one-way 
ANOVA followed by Fisher LSD multiple tests using SPSS software (SPSS, version 23). P Values less than 0.05 were 
considered to be statistically significantly different. 
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Figure 3.8: Flow cytometric analysis of the recognition of MDA-MB-415 cells in spiked whole blood lysate by 6-FAM-
labelled MAMA2 aptamer. MDA-MB-415 cells were spiked in whole blood lysate containing PBMC in different 
percentages (A-G: 0%, 0.01%, 0.1%, 1%, 5%, 10%, 50%, and 100%). I: A plot of positive cells (input) (X-axis) and the 
positive cells identified (Y-axis). Values are shown as means ± S.E.M. of three trials. The statistical significance was 
determined by one-way ANOVA followed by Fisher LSD multiple tests using SPSS software (SPSS, version 23). P Values 
less than 0.05 were considered to be statistically significantly different. 
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3.4  Conclusion and future work 

 

MAMB1, MAMB12, MAMA2, and MAMA12 showed the highest affinity to their target 

cancer cells lines, as shown by their Kd values (Figures 3.1 and 3.2). Moreover, all of these 

aptamers showed specific binding to their target cancer cell lines and not to other cancer cell lines 

or normal cell lines, as indicated by flow cytometry (Figure 3.3). MAMB1 and MAMA2 showed 

higher affinity (according to their Kd values) than MAMB12 and MAMA12 and therefore were 

chosen for further test their binding to breast cancer cell lines, other cancer cell lines and normal 

cell lines by fluorescence microscopy. Both aptamers showed high affinity to their target cells, and 

no binding was observed in other cancer cell lines and normal cell lines (Figure 3.3 and 3.4). 

 

Both aptamers bound specifically to their target breast cancer cells in plasma and whole 

blood lysates (Figure 3.5 and 3.6). In general, MAMB1 is more specific in recognizing its target 

cancer cells in plasma and whole blood lysate (Figure 3.5D, E, F and 3.6D, E, F). Both aptamers 

showed great potential to be used in breast cancer CTC detection, as shown by the spiked cancer 

cells results (Figure 3.7 and Figure 3.8). 

 

Several factors could be further investigated in the future in order to improve binding of 

both aptamers to cancer cells in complex environments, including modification of the aptamers 

by adding functional groups at certain nucleotides. It has been reported that modifications (the 

most common modification is caps at the 3’- and 5’-ends) can increase aptamer resistance to 

nucleases without affecting their binding to target molecules [38]. Therefore, modification of both 

aptamers might improve their performance in complex environments such as whole blood. 

Moreover, studying different fluorophores (such as R-phycoerythrin and rhodamine) and their 

effect on the overall fluorescence intensity might be useful. 

 

In the spiked cancer cells study (Figures 3.7 and 3.8), investigation of different concentrations of 

both aptamers showed that both aptamers could detect 4 cells in 10000 cancer cells as indicated 

by their LOD values.  
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Investigating the binding of both aptamers in situ using tissue samples from breast cancer 

patients is necessary to verify their binding affinity to breast cancer cells in surrounding tissues. 

Both aptamers could be labeled to work in immunohistochemistry-like assays to test their 

specificity to their targets in tissue samples. MAMA2 is only expressed in breast tissue (as 

mentioned in Chapter 2) so it might show more promising results when used in situ compared to 

whe used in solution (e.g. whole blood lysate). 
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CHAPTER 4 
 

 

Identification of MAMB1 and MAMA2 targets on the surface of breast 

cancer cells and protein studies 
 
 

 

4.1 Introduction 
 

4.1.1  Aptamer target Identification after cell-SELEX 
 

 

Cell-SELEX has been mentioned in the details presented in Chapter 1. Moreover, cross-

over SELEX or hybrid SELEX has been outlined in Chapter 2. In this Chapter, target identification 

after cell-SELEX will be discussed in detail. It is known that cell-SELEX is a powerful tool to identify 

new biomarkers, especially in cancer research where identifying new biomarkers helps to 

improve the diagnosis and therapy of cancer patients. In order to be used in cancer diagnosis or 

therapy, aptamer-target identification is an essential step. 

 

Affinity pull-down of targets by the aptamers, followed by mass spectrometry (MS), is the 

most popular and widely used method to identify aptamer targets [1,2]. Only a few targets have 

been identified via whole cell-SELEX against cancer cell lines. Among them, none were identified 

for breast cancer (Table 4.1). One of the first aptamer targets identified by this method was 

tenascin-C (a 250 kDa protein) after whole cell-SELEX on glioblastoma cell line (Table 4.1) [3]. 

Target identification by pull-down-MS approach faces many challenges including the nature of 

the target proteins on the surface of cells. These proteins are extremely difficult to work with 

due to the fact that most of them are plasma membrane proteins, which are hydrophobic and 

therefore have low solubility [1].  

 

Another obstacle is that the yield of the protein pulled by the aptamers is usually very 

low, which makes MS a challenging task [1]. 
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Target Expressed on Cell Surface-SELEX (TECS-SELEX) is a modified whole cell-SELEX 

approach which has been established to develop aptamers against a specific target on the surface 

of the cell that is overexpressed [4]. This approach allows for the selection of aptamers against a 

specific target without the need to identify the aptamer target at the end of the SELEX process. 

An RNA aptamer S6 against HER-2 protein was identified by this method through transfection of 

its gene in a SK-BR-3 breast cancer cell line [5]. In another study by Song et al. EpCAM was 

transfected into HEK-293T cells and used as the target cell line to develop an aptamer (SYL3) that 

specifically binds to EpCAM in multiple cancers including breast cancer [6]. Moreover, the SYL3 

aptamer captured breast cancer cells in a mixture of cells with 63% capture efficiency and 80% 

purity [6]. 
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Table 4.1: Target identification via whole cell-SELEX against cancer cell lines 

 

Aptamer Aptamer Target cancer cell Cell-SELEX Aptamer target  

name type line type  Ref. 

      

GBI-10 DNA Glioblastoma cell line Whole cell- Tenascin-C [3] 
  U251 SELEX   

Sgc8 DNA T-cell acute Whole cell- Tyrosine-protein [7] 
  lymphoblastic SELEX kinase-like 7 (PTK7)  

  leukemia CCRF-CEM    

TD05 DNA Burkitt’s lymphoma Whole cell- Ig μ heavy chain [8] 
  cell line Ramos SELEX   

TOV6 DNA Ovarian clear cell Whole cell- STIP1 stress [9] 
  adenocarcinoma SELEX induced  

  TOV-21G  phosphoprotein 1  

    (STIP1)  

K19 DNA Acute myelogenous Whole cell- Siglec-5 [10] 
  leukemia (AML) cell SELEX   

  line NB4 AML    
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4.1.2 MGB2 and MGB1 as secretory proteins 

 

[14]. MGB2 and MGB1 are both secretory proteins [11,12]. Therefore, they might be detected in the 

plasma or serum of breast cancer patients. MGB1 has been reported as a breast cancer-specific 

protein [13] and thus many studies have tried to measure its levels in breast cancer patients. The first 

study reported that MGB1 was detected in the serum of breast cancer patients by ELISA (0.07-9.6 

ng/mL in breast cancer patients compared to 0-0.07 ng/mL in cancer free individuals) [14]. In a second 

study measuring the levels of MGB1 in serum of breast cancer patients using ELISA it was confirmed 

that MGB1 levels were affected by the cancer stage and tumor size. Stages I-III had 0.9 to 1.4 ng/mL 

of MGB1 and 2.3 ng/mL had been reported for stage IV patients. 1.71 ng/mL was set as the cut off 

value for that study [15]. In a third study, MGB1 levels were the highest in metastatic breast cancer 

patients (9.38 ng/mL vs 7.9 ng/mL control). The cut-off value for was 8.8 ng/mL [16]. The sensitivity 

and specificity for that study was 68 and 88.8% respectively [16]. The differences in the cut off 

values of both studies depend on the antibodies used to measure the levels of MGB1 in serum 

and whether the antibodies are monoclonal [15] or polyclonal [16]. In a more recent study, which 

used peptides instead of antibodies as the immunogen (four polyclonal antisera), it was shown 

that better discrimination of MGB1 levels was achieved between control and breast cancer 

patients with a sensitivity of 86.3% and a specificity of 96% [17]. In the last study, however, the 

levels of MGB1 were not correlated to cancer stage [17]. Moreover, no correlation was found 

between levels of MGB1 and age nor menopausal age [17]. 

 

In contrast, no studies have been reported on the measurement of MGB2 levels in the 

serum of human breast cancer patients using ELISA or other methods. MGB2 mRNA has been 

detected in the peripheral blood of breast cancer patients using RT-PCR [18]. The lack of such 

studies for MGB2 protein could be related to the fact that MGB2 is overexpressed in many of the 

epithelial origin cancers (as mentioned in Chapter 2). 

 

Aptamers have the potential to replace antibodies and could be used for the detection of 

MGB1 in the serum of breast cancer patients resulting in a more specific and more reliable 

method of detection. This chapter will seek to confirm whether MGB2 and MGB1 are the actual 

targets that the aptamers interact with on the surface of breast cancer cells. 
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4.2  Materials and Methods 
 

4.2.1 Materials and Cell Lines 

 

MGB1 and MGB2 recombinant proteins, as well as MGB2 and MGB1 monoclonal antibodies 

were purchased from Novus Biologicals (Canada). Dynabeads® M-280 Streptavidin magnetic beads 

were purchased from Thermo-Fisher Scientific (Canada). Nonenzymatic cell dissociation buffer and 

Dulbecco's Phosphate-Buffered Saline (DPBS) with calcium and magnesium were purchased from 

Sigma (Canada). Biotin (B20656) was purchased from Invitrogen. MGB1 and MGB2 plasmids (10µg) 

were purchased from Cedarlane (Canada). All other chemicals were ordered from Bioshop (Canada) 

unless otherwise indicated. All buffers were prepared using Milli-Q water and filtered using 0.2µm 

filters. MCF-7, MDA-MB-415, and HEK293 cell lines were used in this part of study and obtained from 

the American Type Culture Collection (ATCC). 

 

4.2.2 Purification of MAMB1 and MAMA2 targets in cell surface proteins extract of MCF7 and 

MDA-MB-415 cells by pull-down assay followed by SDS and mass spectroscopy (MS) analysis 

 

4.2.2.1 Cell lysis and surface proteins extraction 

 

Cells lysis and protein extraction protocol was modified from Daniels et al. [3]. Briefly, 

MCF7 and MDA-MB-415 cells were plated (1X107 cells from each cell line in 15 cm tissue culture 

plates), then cells were washed with DPBS. Then, 2 mL of hypotonic solution (10 mM Tris·HCl (pH 
  
7.5) containing 5 mM KCl and 0.5 mM MgCl2 with cOmplete TM protease inhibitors) was added 

to the cells and incubated for 30min at 4°C. Scrapers were used to harvest the cells, and cells 

were homogenized in 10 mL of 250 nM sucrose solution using a Dounce tissue grinder. To remove 

whole cells and nuclei, the mixture was centrifuged at 1,000 x g for 10 min at 4˚C (this step was 

repeated if needed). After that, the membrane fractions were obtained by centrifuging the 

supernatant at 105,000 × g for 1 h at 4°C using an ultra-centrifuge. The membrane fractions were 

allowed to solubilize overnight on a shaker at 4˚C in extraction buffer (10 mM Tris·HCl (pH 7.5) 

containing 200 mM NaCl, 0.1% Triton X-100, 1 mM MgCl2, 1 mM CaCl2, and cOmpleteTM protease 

inhibitors) The pellet now was stored until use for pull-down assay (Scheme 4.1A). In a second 

trial, the salt concentrations were changed in the hypotonic extraction buffers to be as the 

following: hypotonic buffer, 20 mM Tris·HCl (pH 7.5) containing 10 mM KCl and 1.5 mM MgCl2 
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with cOmplete protease inhibitors. For the extraction buffer, 20 mM Tris·HCl (pH 7.5) containing 

250 mM NaCl, 0.1% Triton X-100, 5 mM MgCl2, 3 mM CaCl2, and cOmplete protease inhibitors. 

 

4.2.2.2 Pull-down assay using MAMB1 and MAMA2 biotinylated aptamers followed by SDS- 
 

PAGE and MS analysis 

 

MAMB1 and MAMA2 biotinylated aptamers were synthesized using the DNA synthesizer, 

as described in Chapter 2. Streptavidin magnetic beads were washed according to the 

manufacture instructions. Then, 200 pmols of each aptamer was incubated with 1 mg of the 

beads in 1 X binding and washing buffer (according to manufacturer’s instructions) for 15 min at 

RT with gentle agitation. After that, the membrane fractions of each cell line were incubated with 

their corresponding aptamer-beads in affinity purification buffer (extraction buffer containing 

0.5 μg/μL BSA and 4% glycerol) and 300 µg/mL of ssDNA from salmon sperm to a total volume of 

1 mL. The mixture was then incubated at 4˚C for 1 hr with agitation. The beads then were washed 

with extraction buffer 3 times each for 10 min at 4°C. Then the bound proteins from each 

aptamer-beads complex was eluted in 10 mM Tris·HCl (pH 7.5) containing 1 M NaCl, 5 mM EDTA, 

and 0.1% Triton X-100 elution buffer (Scheme 4.1B). 

 

Aptamer purified proteins (the pellet) were loaded onto 19% SDS-PAGE, and the gel was 

stained with R-250 Coomassie blue (Bio-Rad, Canada) for 1 hr at RT with shaking. The gel was 

allowed to destain overnight in DI water, and protein bands at low molecular weight (10-15 KDa) 

were cut and tryptic digestion was applied. Then protein samples were sent to the MS center at 

Carleton University (Scheme 4.1B). 

 

In a third trial of cell-lysis followed by pull down assay, a new method was applied which was 

modified from Simaeys et al. [9]. Briefly, MCF7 and MDA-MB-415 cells were plated (1 X 108 cells from 

each cell line in 15 cm tissue culture plates) and washed with nonenzymatic cell dissociation buffer 

(Sigma, Canada) to remove them from the culture plates. Each aptamer (MAMB1 and MAMA2) 

was then cross-linked to its corresponding target cells by incubating them for 2 min in a 1% 

formaldehyde/PBS solution. The cells were then immediately washed (three times) at 4°C in PBS 

to remove the formaldehyde. Cells then were lysed in cell lysis buffer contained 2% Triton-X100 

(Fisher), 1.5% Nonidet, and 0.5% cholate using a Dounce tissue grinder.  
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The lysate was then incubated overnight at RT in the presence of 200 μg of streptavidin magnetic 

beads. After that, the lysate aptamer complex was washed with washing buffer (10 mM 

HEPES/NaOH (pH 7.8), 100 mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM 

ethylene glycol tetraacetic acid (EGTA), 0.2% sodium dodecyl sulfate (SDS), and 0.1% sodium 

lauroyl sarcosinate (SLS)) until the beads were clear (about 3-4 times with 1 mL of washing buffer 

each). Then the aptamer-lysate (proteins) complex was eluted by adding 50 µL of elution buffer 

(12.5 mM biotin in 7.5 mM HEPES/NaOH (pH 7.8), 75 mM NaCl, 1.5% EDTA, 0.5% EGTA, 0.15% 

SDS, and 0.075% SLS). Proteins were precipitated by adding cold acetone and incubated for 3 

hours at -20°C. Proteins were then centrifugated at 12,000 x g for 10 min at 4°C. The pellet was 

then dried to be used in SDS-PAGE. 

 

4.2.3 Purification of MAMB1 target in cell surface protein extract of MCF7 cells by pull-down assay 
 

followed by Western blot analysis 

 

The cell lysis and protein extraction was done the same as above. For the pull-down assay 

it was only applied for MAMB1 aptamer on the beads. The aptamer purified protein was loaded 

onto 19% SDS-PAGE, and then the gels were transferred onto a Polyvinylidene Difluoride (PVDF) 

membrane for a standard Western blot analysis. An MGB2 monoclonal antibody (1:500) was 

diluted in 3% BSA-0.1%TBST and incubated with the first membrane overnight at 4°C. Then the 

membrane was washed with Tris Buffer Saline Tween-20 (0.05%) (TBST) for 5 times each 5 min. 

A secondary HRP antibody (1:2,000) diluted in the same diluent was incubated with the 

membrane for 1 hr at RT then the membrane was washed as above then an HRP 

chemiluminescence substrate was added (Bio-Rad) and the gel was subjected for imaging using 

Alpha Innotech gel imager documentation system (USA). For the second membrane, MAMB1 

biotinylated aptamer (1µg/mL) diluted with 3% BSA-0.1% Phosphate=Buffered Saline Tween-20 

(PBST) was incubated at 4˚C for 2 hrs. Then the membrane wascwashed with PBST for 5 times 

each 5 min. Streptavidin-HRP (1:5,000) diluted in the same diluent was incubated with the 

membrane for 1 hr at RT then the membrane was processed for imaging same way as the first 

membrane (Scheme 4.1B). 
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4.2.4 Over expression of MGB2 and MGB1 Proteins in HEK293 cells by transfection 

 

In order to determine whether MGB2 and MGB1 proteins are the targets of MAMB1 and 

MAMA2 respectively, human embryonic kidney (HEK293) cells were transfected with MGB2 and 

MGB1 overexpression plasmids. First, the expression levels of both proteins was determined in 

HEK293 cells using MGB2 and MGB1 ELISA kits (mentioned in Chapter 2). Second, MGB1 and 

MGB2 plasmids were transformed into DH5α competent cells [19] and then purified using 

standard midiprep system. Third, MGB1 and MGB2 purified plasmids were transfected into 

HEK293 cells according to Longo et al. and others [21-23]. Briefly, HEK293 cells (5 X 105 cells) were 

plated in 60 mm tissue culture dishes and left to grow for 24 hours in the incubator (37°C, 5% 

CO2, 95% humidity). The next day, the cell culture media was replaced and HEK293 cells were left 

in the incubator for another 30 min. The DNA (plasmids) were prepared for transfection; 10 µg 

of each purified MGB1 and MGB2 plasmids were added to 250 µL of Opti-MEM media, then 50 

µL (final concentration of 5 µg/mL) of polyethylenimine (PEI) was added to 250 µL of Opti-MEM 

media, in separate tubes. Then the PEI mix was added to the DNA (plasmids) mix and incubated 

for 15 min at RT. The PEI-DNA was mixed by vortex every 3 min for 5 sec. each, enabling the 

uptake of the DNA by PEI to form small insoluble aggregates (polyplexes), facilitating its delivery 

into cells [24]. After that, the PEI-DNA complex was added to the cells gradually drop-by-drop, 

and HEK293 cells were left to grow for 48 hours. PUC19 empty vector was used as a control. 

Green Fluorescence Protein (GFP) was used to validate the transfection efficiency. Both pUC19 

and GFP plasmids were infected using the same amount of DNA as MGB2 and MGB1 plasmids 

under the same conditions and time. After 48 hours, HEK293 cells were harvested and fixed with 

4% formaldehyde for 15 min at RT. Then washed and resuspend in PBS to be used in flow 

cytometry analysis. 
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4.2.5 Studies of aptamer-antibody competition by flow cytometry 

 

Anti-MGB2 and anti-MGB1 monoclonal antibodies, goat anti-mouse FITC-labelled 

secondary antibody, 6-FAM-labelled and unlabeled MAMB1 and MAMA2 aptamers, non-

transfected and transfected HEK293 cells, as well as MCF7 and MDA-MB-415 cells, were used in 

a competition study. Briefly, 5 X 105 fixed cells of each cell line mentioned above was added to 

500 µL of 5 mM MgCl2 in PBS, then competition studies were performed as follows. 1) non-

transfected HEK293, MCF7 and MDA-MB-415 cells were incubated with 300 nM of 6-FAM-

labelled aptamers (MAMB1 with MCF7 cells, MAMA2 with MDA-MB-415 cells, and each of them 

with HEK293 cells) or a control random sequence for 30 min at 4°C, then centrifuged at 1,000 x g 

for 5 min. Cells then were re-suspended with 500 µL of 5 mM MgCl2 in PBS. 2) Non-transfected 

HEK293, MCF7 and MDA-MB-415 cells were incubated with anti-MGB2 and anti-MGB1 primary 

monoclonal antibodies (1:400 of 100 µg/0.5 mL, anti-MGB2 with MCF7 cells, anti-MGB1 with 

MDA-MB-415 cells, and each of them with HEK293 cells) for 30 min at RT. Cells then were 

centrifuged at 1,000 x g for 5 min and washed three times with PBS. Goat anti-mouse FITC 

labelled secondary antibody (1:500 of 100 µg/ 0.5 mL) was added for 20 min at RT. Finally, cells 

were centrifuged and washed as above, then re-suspended with 500 µL of PBS, 3) Transfected 

HEK293 cells were incubated with either 300 nM 6-FAM-labelled aptamers, or unlabeled 

aptamers, or random sequence for 30 min at 4°C. Transfected cells were then incubated with 

anti-MGB2 or anti-MGB1 primary monoclonal antibodies with goat anti-mouse-FITC labelled 

secondary antibody. All cells were studied using flow cytometry by counting 10,000 events and 

the data was analyzed using the flow cytometry (with C6 sampler software). The fluorescence 

intensity of the goat anti-mouse secondary antibody alone was subtracted from the samples 

where primary and secondary antibodies were used together to obtain the fluorescence 

intensity. 

 

4.2.6 Protein-aptamer study using electrophoretic mobility shift assay 

 

Electrophoretic Mobility Shift Assay (EMSA) was used to investigate the binding of 

MAMB1 and MAMA2 aptamers to their target recombinant proteins MGB2 and MGB1 

respectively. The recombinant proteins used in this study were the same proteins used in the 

protein SELEX part (Chapter 2). 
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 Briefly, different concentrations of target proteins (0-220 nM) were incubated with fixed 

concentrations of 6-FAM-MAMB1 and 6-FAM-MAMA2 aptamers (600 nM) in 50 mM Tris-HCl, 10 

mM reduced glutathione, pH 8.0 for 1 hr at 37°C. Protein-aptamer complexes were then loaded 

onto 8% non-denaturing PAGE and allowed to run for 3 hours at 160 V at RT. The gels were then 

visualized using an Alpha Innotech gel imager documentation system. For the control 

experiments, a random sequence (different DNA aptamer, 6-FAM-60 bases), and Bovine Serum 

Albumin (BSA) were used as a control aptamer and a control protein respectively. They were 

treated in the same manner as experimental samples (MAMB1 and MAMA2 aptamers with their 

target proteins). Control aptamer-protein complexes were loaded to PAGE and visualized at the 

same time as the experimental samples. 
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Scheme 4.1: Schematic diagram of the experimental design of pull-down assay using MAMB1 and MAMA2 
aptamers on cell surface protein extracts of MCF7 and MDA-MB-415 cells. A: Surface protein extraction on MCF7 
and MDA-MB-415 cells by applying different buffers to lysis the cell component. B: pull-down assay steps using 
Biotinylated MAMB1 and MAMA2 and streptavidin magnetic beads to pull- down the protein (proteins) aptamers 
binding then analyze it using SDS-PAGE, MS, and Western blot. 
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4.3 Results and Discussion 
 

4.3.1 SDS-PAGE and mass-spectroscopy analysis of MAMB1 and MAMA2 after applying pull- 
 

down assay on MCF7 and MDA-MB-415 surface proteins extract 

 

In our study, a hybrid SELEX approach was applied against MGB2 and MGB1 proteins, 

therefore the intended target was known before cell-SELEX was performed. Moreover, the ssDNA 

libraries were previously enriched to MGB2 and MGB1 proteins before cell-SELEX was applied. 

Therefore, it would be expected that the targets which the aptamers are binding to on the surface of 

the cells are MGB2 for MCF7 cells and MGB1 for MDA-MB-415 cells. Additionally, MAMB1 and 

MAMA2 aptamers would be expected to bind to their recombinant protein targets in solution. Herein, 

a series of experiments were done to verify the identity of the targets on the surface of the breast 

cancer cell lines MCF7 and MDA-MB-415. Moreover, a protein study was performed to test the 

selective binding of both aptamers to their target proteins in solution. 

 

The most common way to identify a target protein on the surface of the cell, after pulling 

down the proteins using the candidate aptamers and cell-SELEX, is MS (as mentioned earlier in 

this Chapter). None of the examples mentioned in Table 1 were hybrid SELEX selections and thus 

applying this type of SELEX does not typically required the identification of the target on the cell 

surface because the ssDNA library alternates between the cell and the recombinant protein form 

of the target of interest. Nevertheless, protein extraction of the cell surface proteins and MAMB1 

and MAMA2 aptamers were used to pull-down their target proteins, then an SDS-PAGE analysis 

was performed. As Figure 4.1A shows, MAMB1 was successfully able to bind to low molecular 

weight proteins. The cell has many proteins that could be similar to MGB2 protein and may bind 

MAMB1 aptamer non-specifically (Figure 4.1A Elution 1 and 2), but when the pull-down was 

repeated a second time most of the non-specific binding was eliminated (Figure 4.1A Elution 3). 

MAMA2 was able to bind to the low molecular weight protein (its target), but the bands are not 

clear indicating that MAMA2 bound to a very small amount of the protein. Another factor that 

could affect the results in Figure 4.1B is SDS as it consider being harsh detergent. Perhaps MAMA2 

bound to its target but SDS could degrade the native form of the protein leading to a lack of a 

clear signal at the right molecular weight. 
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 After that, a tryptic digestion was done to extract the protein peptides that both 

aptamers bound to, then samples were sent to MS. MGB2 and MGB1 proteins, unfortunately, 

were not on the list of proteins we obtained after MS analysis was performed. One of the reasons 

behind the fact that MGB2 and MGB1 proteins are very small proteins (around 10 kDa) and need 

special techniques to isolate them from other proteins that have the same molecular weight such 

as histones (which are more abundant and bind to DNA). Moreover, it could be that the expression 

level of our proteins is low compared to other similar proteins and therefore these proteins 

masked our proteins of interest. In addition, the presence of histones and ribosomal protein in 

MS analysis results revealed some kind of contamination of cytoplasmic and nuclear proteins 

within the gel. Therefore, several other experiments were done in which new conditions for cell 

lysis and extraction of membrane fractions were applied, but the MS results obtained did not 

show MGB2 or MGB1. The last trial was performed using a cross linking technique for the 

aptamer-target while the cells are intact then a cell-lysis was performed and the cross-linking was 

recovered [9]. Unfortunately, the MS results did not show our target proteins (Table 4.2 showed 

the list of proteins obtained after mass analysis form the three different trials). However, all the 

SDS-PAGE images obtained from the different protocols showed a protein band at approximately 

10 kDa for both aptamers same as the one in Figure 4.1.  

 

4.3.2 Western blot analysis of MAMB1 after applying pull-down assay on MCF7 surface proteins 
 

extract 

 

A Western blot analysis comparing the binding of MGB2 monoclonal antibody and 

MAMB1 aptamer to the pull- down elutions from MAMB1-protein complex on MCF7 was 

performed. The results showed that MAMB1 aptamer is more specific in binding to the pull-down 

extract than MGB2 antibody (Figure 4.2A and B). Moreover, MAMB1 could recognize the amount 

of MGB2 protein in E2 (which was obtained after re-purification) while the antibody could not 

(Figure 4.2B, lane E2) but recognized MGB2 in the total protein as there is higher amount of it 

there (Figure 4.2B lane total protein). The results obtained from Western blot suggest that MGB2 

protein is present in the pull-down extract and that aptamers specifically recognized this protein. 
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Table 4.2: List of proteins identified from mass-spectroscopy after pull-down assay of MCF7 and 
MDA-MB-415 cells using MAMB1 and MAMA2 aptamers respectively. 

 
 
 

 

Cell- lysis and pull-down assay for both List of proteins name obtained 
MCF7 and MDA-MB-415 using MAMB1 from mass spectroscopy analysis 

and MAMA2 aptamers  

Trial 1: Unmodified method as Histone H2B type 1-M (Homo 
mentioned in the Materials and sapiens) 
Methods section and Reference 3 Histone H4 (Homo sapiens) 

 40S ribosomal protein S19 (Homo 
 sapiens) 

Trial 2: Salt modifications as mentioned 60S ribosomal protein L23 (Homo 
in the Materials and Methods section sapiens) 

 60S ribosomal protein L35 (Homo 
 sapiens) 
 cytokeratin 9 (Homo sapiens) 
  

Trial 3: Cross-linking method as unnamed protein product 
mentioned in the Materials and Method synsav (synthetic construct) 
section and Reference 9  
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Figure 4.1: SDS-PAGE image for MAMB1 and MAMA2 aptamer-purified proteins. Both aptamers were used to purify 
proteins from cell surface extract proteins of MCF7 and MDA-MB-415 breast cancer cells. A: MAMB1-protein aptamer 
SDS-image. B: MAMA2-protein aptamer SDS-image. Elution 1 and elution 2 were obtained after applying the elution 
buffer, elution 3 obtained after repeating the pull-down on the same extract (re-purification) then the beads were 
washed and boiled. Sample of the protein extract before applying the purification was loaded only in the case of 
MAMB1. Images were taken using Alpha Innotech gel imager documentation system. 
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Figure 4.2: Western blot analysis of MAMB1 aptamer-protein complex after performing the pull-down assay 
on MCF7 surface protein extracts. A: probing with MGB2 monoclonal antibody. The PVDF membrane was 
incubated with MGB2 monoclonal antibody then incubated with HRP-secondary antibody and visualized 
using a gel documentation system. B: probing with biotinylated MAMB1 aptamer. The PVDF membrane was 
incubated with biotinylated MAMB1 aptamer, incubated with streptavidin-HRP secondary antibody and 
visualized using a gel documentation system. The bands that both the monoclonal antibody and MAMB1 
aptamer bound to were at 37, 15, and 10 kDa. The lanes from right to left are: total protein which is the 
protein extract before applying the pull-down assay, E1: elution after first time purification using the beads, 
E2: elution after second time using the same beads. 
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4.3.3 MGB2 and MGB1 ELISA and transfection results 

 

Human embryonic kidney cells (HEK293) are widely used as a host for gene expression 

[25]. Therefore, HEK293 cells were transfected with human MGB2- and MGB1-expressing 

plasmids in this study. To investigate the expression levels of MGB2 and MGB1 proteins in 

HEK293 cells before transfection, ELISA was performed on HEK293 cell lysates. As Figure 4.3 

shows, HEK293 cells express very low levels of MGB2 and MGB1 proteins (1.78 and 1.56 ng/mL 

respectively) compared to breast cancer cell lines MCF7 and MDA-MB-415 (16.19 and 21.98 

ng/mL respectively) (Figure 4.3). These results matched our hypothesis, which suggested that 

HEK293 cells did not express breast cancer biomarkers. 

 

In order overexpress MGB2 and MGB1 protein in HEK293 cells, plasmids were 

transformed into DH5α competent bacterial cells to propagate and then purified using standard 

midiprep system [19,20]. The bacterial cells gave many clones of MGB2 and MGB1 plasmids after 

24 hours of transformation and a high amount of DNA (3µg/µL) was obtained after purification 

(Appendix A). 

 

MGB2 and MGB1 plasmids were transfected to HEK293 cells using polyethylenimine (PEI), 

which is widely used as cationic transfection reagent [26]. PEI condenses DNA (due to the high 

concentration of positively charged nitrogen atoms) into cationic particles (polyplexes), which 

bind to the anionic cell surface and transported into the cell via endocytosis [21]. Once inside the 

cells protonation of the amine groups of PEI result in lowering the osmotic potential of the cell, 

releasing polyplexes into the cytoplasm. DNA is then free to diffuse to the nucleus [27]. In our 

study, the transfection of MGB2 and MGB1 plasmids was successful as indicated by GFP 

transfection (Figure 4.4). Fluorescence images showed that GFP was successfully delivered to 

HEK293 cells using PEI. 
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Figure 4.3: MGB2 and MGB1 expression of HEK293, MCF7, and MDA-MB-415 lysates. HEK293 cells showed low 
level of MGB2 and MGB1 (1.78 and 1.56 ng/mL respectively) compared to MCF7 (16.19 and 0.87ng/ml for MGB2 
and MGB1 respectively) and MDA-MB-415 (3.01 and 21.98ng/ml for MGB2 and MGB1 respectively). The 
expression of MGB2 and MGB1 was measured using an ELISA kits for both proteins.  
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Figure 4.4: Microscopy images of HEK293 cells after transfection with GFP plasmid. A: bright field image of 
HEK293 cells. B: fluorescence image of HEK 293 cells after the transfection of GFP. Images were taken by ZOE™ 
Fluorescent Cell Imager. The scale was 100µm for all images. 
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4.3.4 Aptamer- antibody competition studies by flow cytometry 
 

 

To confirm that MGB2 and MGB1 proteins are the targets for MAMB1 and MAMA2 

aptamers on the surface of the breast cancer cells respectively, competition experiments were 

carried out using antibodies against MGB2 and MGB1 proteins, as well as 6-FAM-labelled and 

unlabeled MAMB1 and MAMA2 aptamers on non-transfected and transfected HEK293 cells. 

Figure 4.5 showed the results of binding the non-transfected HEK293, MCF7 and MDA-MB-415 

to 6-FAM-labelled MAMB1 and MAMA2 aptamers as well as to MGB2 and MGB1 antibodies. 

HEK293 did not bind to MAMB1 and MAMA2 aptamers (Figure 4.5B; black and green 

respectively) compared to MCF7 and MDA-MB-415 (Figure 4.5B; red and blue respectively), as 

the mean of fluorescence intensity for HEK293, binding to MAMB1 and MAMA2 aptamers, was 

close to that for the control cells (Figure 4.5A black). The same results were shown when non-

transfected HEK293 cells were incubated with MGB2 and MGB1 monoclonal antibodies (Figure 

4.5C black and green respectively), whereas a shift in the mean of fluorescence intensity was 

seen when MCF7 and MDA-MB-415 cells were incubated with MGB2 and MGB1 antibodies 

(Figure 4.5C red and blue respectively). A random sequence (same sequence used in the 

fluorescence microscopy) was used as a control and incubated with non-transfected HEK293, 

MCF7, and MDA-MB-415 cells. The results showed no binding of the random sequence to any of 

the cells mentioned above, demonstrating the specificity of MAMB1 and MAMA2 aptamers 

(Figure 4.5D). 

 

These results were expected as HEK293 cells showed no expression of MGB2 nor MGB1 

proteins on their surface, compared to MCF7 and MDA-MB-415 cells, as confirmed by ELISA 

(Figure 4.3). Moreover, the results above indicated that MAMB1 and MAMA2 aptamers might be 

binding to MGB2 and MGB1 on the surface of their target cells. Therefore, transfection of both 

MGB2 and MGB1 plasmids were carried out to confirm this hypothesis. The shift in the 

fluorescence intensity of MAMB1 and MAMA2 aptamers binding to MCF7 and MDA-MB-415 cells 

respectively (Figure 4.5B) was higher than that for MGB2 and MGB1 monoclonal antibodies 

binding to MCF7 and MDA-MB-415 respectively (Figure 4.5C).  
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This indicated that both aptamers are more specific for their proteins than their corresponding 

antibodies, but this needed to be confirmed. Therefore, transfection and overexpression of the 

mammaglobin proteins was performed in HEK293 cells. 
 
 

A B 
 
 
 
 
 
 
 
 
 

 

  

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.5: Binding of MAMB1 and MAMA2 aptamers and MGB2 and MGB1 antibodies to non-transfected 

HEK293, MCF7, and MDA-MB-415 cells. A: Mean of fluorescence intensity of non-transfected HEK293 cells 

(black), MCF7 (red), and MDA-MB-415 (blue) alone. B: Mean of fluorescence intensity of non-transfected 

HEK293 cells binding to MAMB1 (black), MAMA2 (green), MCF7 binding to MAMB1 (red), and MDA-MB-415 

binding to MAMA2 (blue). C: Mean of fluorescence intensity of non-transfected HEK293 cells binding to anti-

MGB1 antibody (black), anti MGB2 antibody (green), MCF7 binding to anti MGB2 antibody (red), and MDA-

MB-415 binding to MGB1 antibody (blue). D: Mean of fluorescence intensity of non-transfected HEK293 cells 

binding to a random sequence (black), MCF7 binding to a random sequence, and MDA-MB-415 binding to a 

random sequence. Cells were incubated with their corresponding probes and 10,000 events was counted by 

flow cytometry. Then data was analyzed using flow cytometry C6 sampler software. 

 

Competition binding assays results of transfected HEK293 cells with either MGB2 or 

MGB1 plasmids showed that both aptamers and antibodies could compete against each other 

for the binding sites of MGB2 and MGB1 overexpressed proteins on the surface of transfected 

HEK293 cells (Figure 4.6). MAMB1 and MAMA2 aptamers bounds 20-fold higher to HEK293 cells 

transfected with MGB2 (Trans B) and MGB1 (Trans A) respectively (Figure 4.6A; brown and 

purple) than to MCF7 and MDA-MB-415 cells (Figure 4.5B; red and blue).  
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Similar results were observed for the antibodies; anti-MGB2 and anti-MGB1 bound 10-

fold higher to Trans B and Trans A HEK293 cells respectively (Figure 4.6A; orange and green) than 

to MCF7 and MDA-MB-415 cells (Figure 4.5B; red and blue). Both aptamers bound with higher 

affinity (around 20-fold more) to Trans B and Trans A HEK293 cells than the antibodies (Figure 

4.6A), indicating that both aptamers are more specific than their corresponding antibodies to 

their target proteins. 

 

When Trans B and Trans A HEK293 cells were blocked with unlabeled MAMB1 and 

MAMA2 aptamers, and then probed with anti-MGB2 and anti-MGB1 respectively, the 

fluorescence intensity decreased by almost 10-fold (Figure 4.6B; brown and red). Blocking with a 

random sequence restored the binding of anti-MGB2 to Trans B HEK 293 cells (Figure 4.6C; dark 

yellow), similar to the binding seen in Figure 4.6B (red), indicating that both MAMB1 and anti-

MGB2 were competing for the same binding sites. This binding is specific, as it was restored when 

a random sequence was used for blocking. A small shift (2-fold less than the binding in Figure 4.6 

(brown)) in the mean of fluorescence intensity of anti-MGB1 binding to Trans A HEK 293 cells was 

seen when the same random sequence was used to block the binding sites of MGB1 on Trans A 

HEK293 cells (Figure 4.6C; dark yellow and light blue). This could be non-specific binding of the 

random sequence to MGB1 sites on Trans A HEK293 cells. Other random sequences could be 

used in the future to restore the original binding seen in Figure 4.6A. 

 

PUC19 empty plasmid was used as a control for the competition assays. PUC19 was 

transfected same way as MGB2 and MGB1 plasmids simultaneously, and treated with the same 

probes as Trans B and Trans A HEK293 cells. Figure 4.7A showed no binding of MAMB1, MAMA2, 

anti MGB2, or anti-MGB1 probes to pUC19-transfected HEK293 cells (Figure 4.7A). Moreover, no 

binding was seen when pUC19-transfected HEK293 cells were blocked with unlabeled MAMB1 

and MAMB1 aptamers, nor when they were blocked with a random sequence (same sequence 

that was used to block MGB2 and MGB1 sites on transfected HEK293 cells in Figure 4.6C (Figure 

4.7B)). PUC19 did not contain either MGB2 or MGB1 genes, and therefore MGB2 and MGB1 were 

not expressed on the surface of HEK293 cells. The mean of fluorescence intensity of pUC19 

transfected HEK293 cells was close to the one for non-transfected HEK293 cells (Figure 4.5). 
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A selectivity test was performed to investigate the binding of MAMB1 and MAMA2 to 

Trans A and Trans B HEK293 respectively (Figure 4.8). The results showed that the MAMB1 

aptamer did not bind to Trans A HEK293 cells (Figure 4.8; black). The same was observed for the 

MAMA2 aptamer, which did not bind to Trans B HEK293 cells (Figure 4.8; pink). This was expected 

as the main pool was divided into two halves (as mentioned in Chapter 2; Figure 2.3A) to 

eliminate sequences that could bind to both MGB2 and MGB1 proteins together. On the other 

hand, the binding of anti-MGB2 and anti-MGB1 to Trans A (Figure 4.8; dark yellow) and Tran B 

HEK293 cells (Figure 4.8; purple) respectively, showed a small shift in the mean of fluorescence 

intensity. This could be a result of cross-reactivity of both antibodies to their counter proteins. 

These results indicate that both MAMB1 and MAMA2 aptamers are more selective than their 

antibodies counterparts. 

 

In summary, our aptamer–antibody competition binding assay results confirmed that 

MGB2 and MGB1 proteins are the targets of the MAMB1 and MAMA2 aptamers respectively. 

Moreover, our results were similar to the ones in the literature [28,29]. Many studies have been 

reported that used similar approaches to identify aptamer targets on the surface of cells, after 

cell-SELEX [28,29]. More controls were used in our study, when compared to others, such as the 

use of random sequence and pUC19 empty plasmid transfections. 
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Figure 4.6: Competition binding assays of MAMB1, MAMA2 aptamers and anti-MGB, anti-MGB1 antibodies on 

transfected HEK293 cells with MGB2 and MGB1 plasmids. A: mean of fluorescence intensity of transfected HEK293 

with MGB2 plasmid (Trans B) binding to anti-MGB2 (orange) and MAMB1 (purple), and transfected HEK293 with 

MGB1 plasmid (Trans A) binding to anti-MGB1 (green) and MAMA2 (brown). B: mean of fluorescence intensity of 

Trans B and Trans A HEK293 blocked with unlabeled MAMB1 and MAMA2 aptamers respectively, and probed with 

anti-MGB2 (red) in the case of Trans B, and anti-MGB1 (brown) in the case of Trans A. Mean of fluorescence 

intensity of Trans B and Trans A binding to MAMB1 (purple), and MAMA2 (brown) same as in A. C: mean of 

fluorescence intensity of Trans B and Trans A HEK293 blocked with random sequence (RAN) and probed with anti-

MGB2 (dark yellow) in the case of Trans B and anti-MGB1 (light blue) in the case of Trans A. Mean of fluorescence 

intensity of Trans B and Trans A binding to MAMB1 (purple) and MAMA2 (brown) same as in A. Cells were incubated 

with their corresponding probes and 10,000 events were counted by flow cytometry. Then data was analyzed using 

flow cytometry C6 sampler software. 

A 

MAMB1+ Trans B HEK293 

Anti MGB1+ Trans A HEK293 

Anti MGB2+ Trans B HEK293 
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MAMB1+ Trans B HEK293 
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MAMB1+ Anti MGB2 + Trans B HEK293 

MAMA2+ Anti MGB1+ Trans A HEK293 
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RAN+ Anti MGB1+ Trans A HEK293 

RAN+ Anti MGB2 + Trans B HEK293 

MAMB1+ Trans B HEK293 

MAMA2+ Trans A HEK293 
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Figure 4.7: Competition binding assays of MAMB1, MAMA2 aptamers and anti-MGB, anti-MGB1 antibodies on transfected 

HEK293 cells with pUC19 empty plasmid. A: Mean of fluorescence intensity of transfected HEK293 with pUC19 plasmid 

binding to MAMB1 (Pink), MAMA2 (blue), random sequence (green), anti-MGB2 (orange), and anti-MGB1 (light blue). B: 

Mean of fluorescence intensity of transfected HEK293 with pUC19 plasmid and blocked with unlabeled MAMB1 and 

MAMA2 aptamers, then probed with anti-MGB2 (red), and anti-MGB1 (brown) respectively. Yellow Light blue and 

histograms showed transfected HEK293 with pUC19 blocked with random sequence and then probed with anti-MGB2 and 

anti-MGB1 respectively. Cells were incubated with their corresponding probes and 10,000 events were counted by flow 

cytometry. Then data was analyzed using flow cytometry C6 sampler software. 
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Figure 4.8 Selectivity test performed on transfected HEK293 cells with MGB2 and MGB1 plasmids. The figure shows 

the mean of fluorescence intensity of MAMB1 (black), MAMA2 (pink), anti MGB2 (dark yellow), and anti-MGB1 

(purple) binding to Trans A and Trans B HEK293 cells respectively. Cells were incubated with their counter probes 

transfected HEK293, and 10,000 events were counted by flow cytometry. Then data was analyzed using flow 

cytometry C6 sampler software. 

 

Anti MGB1 + Trans B HEK293 

MAMB1+ Trans A HEK293 

MAMA2+ Trans B HEK293 
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4.3.5 Aptamer complex analysis using EMSA 
 

A protein- aptamer study was applied to test the selective binding of both aptamers to 

their targets in solution using EMSA. Since our target proteins are secretory proteins, testing their 

binding affinity to their recombinant protein targets free in solution would indicate if these 

aptamers would bind to their targets in serum. Therefore, EMSA assay was performed.    

  

Both aptamers successfully bound to their target proteins as shown in the increasing of 

the mobility shift for both MAMB1 and MAMA2 aptamers (Figure 4.9A and C). The shift started 

at 60 nM for MAMB1 (Figure 4.9A) and at 40 nM for MAMA2 (Figure 4.9E). However, the 

increasing in the mobility shift was higher for MAMA2 than MAMB1. The random sequence 

(control aptamer) did not bind to MGB2 protein (Figure 4.9B and F). Yet it showed low level of 

non-specific binding to MGB2 and MGB1 proteins at the last three concentrations (140, 180, and 

220 nM, Figure 4.9B and F). A low level of non-specific binding was seen when BSA was incubated 

with MAMB1 aptamer at 180 and 220 nM (Figure 4.9C), whereas no binding was shown when 

BSA was incubated with MAMA2 aptamer (Figure 4.9G). The results indicated that MAMA2 is 

more specific to its target protein than MAMB1 aptamer and thus indicates the potential use of 

this aptamer to detect its target free in solution. The different concentrations used in EMSA assay 

for both proteins were plotted against the shift distance (cm) corresponding to each concertation 

compared to the control (0 nM) creating a Kd curve for both aptamers (Figure 4.9D and H), the Kd 

values were 95±7.0 and 88±6.0 nM for MAMB1 and MAMA2 respectively. As expected MAMA2 

has lower Kd value which reflect higher affinity to it target protein than MAMB1 aptamer (Figure 

4.9D and H). 
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Figure 4.9: EMSA gel after electrophoresis: (A) EMSA for MGB2 protein with MAMB1 aptamer. (B) EMSA 
for MGB2 protein with DNA control aptamer (random sequence). (C) EMSA for BSA protein with MAMB1 
(D) plotting curve of MAMB1 (0-220 nM) against the shifting distance of MAMB1-MGB2 complex 
compared to the control (0 nM). The Kd value is 95±7.0 as obtained from GraphPad Prism software. (E) 
EMSA for MGB1 protein with MAMA2 aptamer. (F) EMSA for MGB1 protein with DNA control aptamer. 
(G) EMSA for BSA protein with MAMA2 (H) plotting curve of (E) MAMA2 (0-220 nM) against the shifting 
distance of MAMA2-MGB1 complex compared to the control (0nM) The Kd value is 88±6.0 as obtained 
from GraphPad Prism software. Aptamers (600 nM) and different concentrations of proteins were 
incubated at 37C for one hour then EMSA was applied using 8% native PAGE. The distance of the complex 
compared to the control (0 nM) was measured using the analysis tool in the Alpha-imager software. The 
brightness of gel images was improved by Image J software. 
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4.4  Conclusions and Future Work 

 

MAMB1 and MAMA2 targets were verified by pull-down assay followed by SDS-PAGE, MS, 

and Western blot analysis (Figures 4.1 and 4.2). MS results did not show MGB2 and MGB1 proteins 

(Table 4.2). However, Western blot analysis showed that MAMB1 binds to MGB2 protein and is more 

specific than the MGB2 monoclonal antibody (Figure 4.2). Moreover, low molecular weight bands 

(around 10 kDa) were seen on SDS-PAGE after the pulldown of each aptamer from a mixture of cell 

surface protein extractions of MCF7 and MDA-MB-415 breast cancer cells (Figure 4.1). For more 

investigation of MAMB1 and MAMA2 targets on the surface of their target breast cancer cells, MGB2 

and MGB1 plasmids were transfected to HEK293 cells and competition assay between aptamers and 

antibodies were performed. The results confirmed that MGB2 and MGB1 proteins are the targets for 

MAMB1 and MAMA2 respectively (Figures 4.5-4.8). Both aptamers bind to their recombinant 

proteins and they did not show binding to the random sequence as well as to BSA as a control protein 

as shown by EMSA (Figure 4.9). 

 

Overall, the results suggest that MAMB1 and MAMA2 aptamers bind to their targets on 

the surface of the cells as well as the free protein form indicating the possibility of their use in 

detecting MGB2 and MGB1 proteins in solution (and perhaps in serum). 

 

To identify the targets that both aptamer bind to by mass-spectrometry, two-dimensional 

(2D) gel electrophoresis would help in separating proteins of similar molecular weight, but 

different charges which may mask MGB2 and MGB1 proteins on one-dimensional (1D) gel 

electrophoresis. This would include the histone proteins, which are small and bind non-

specifically to any DNA molecule, such as aptamers. Future studies will focus on 2D separation of 

MGB targets from histone proteins. 
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CHAPTER 5 
 

 

Testing the binding of MAMB1 and MAMA2 aptamers to their target 

breast cancer cells using terahertz chemical microscopy 
 

 

5.0  Statement of contribution: 

 

Part of the TCM experiments were done at Dr. Toshihiko Kiwa’s lab at Okayama University 

(Japan). Mr. Yuki Hanaoka (a student in Dr. Kiwa’s lab) performed part the TCM scan experiments. 

This work is a collaboration between the INRS, Carleton University (Department of Chemistry and 

Department of Biology) and Okayama University (Japan). 

 

The second part of the TCM experiments was done at the INRS, by me and Ahmed 

Mohammed (a Ph.D. student at Prof. Ozaki’s lab). 

 

5.1 Introduction 
 

5.1.1  Terahertz chemical microscopy 

 

The terahertz chemical microscope (TCM) was first developed to image chemical reactions 

[1]. Rather than using THz absorption as contrast, the TCM is a type of a THz emission microscope, 

which uses THz emission to monitor changes in the chemical potential [2]. A key component of 

the TCM consists of a sensing plate made of thin silicon dioxide (SiO2), and silicon (Si) films on a 

sapphire substrate (Figure 5.1) [2]. When a femtosecond laser pulse irradiates the sensing plate 

(specifically the Si film), it generates carriers. These carriers are then accelerated by the local 

electric field gradient within the depletion layer between the Si and SiO2 films, leading to the 

generation of THz radiation.  
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When a chemical reaction occurs on the surface of the sensing plate, the electric field (chemical 

potential) generated on the surface of the sensing plate will shift (change) the electric field 

gradient in the depletion layer, which will result in the variation of the generated THz pulse's 

amplitude [1]. An advantage of the TCM is that it can overcome the limited spatial resolution of 

THz imaging systems [1]. TCM has higher spatial resolution than standard THz imaging systems, 

because the spatial resolution is not determined by the wavelength of the THz pulse, but by that 

of the femtosecond laser, which is typically around 790 nm [1]. Moreover, TCM could monitor the 

concentration of chemicals in media that are highly absorptive to THz radiation, such as water. 

TCM allows one to extend THz technology to biology, which with conventional techniques had 

been difficult. 
 

 The TCM was first used to detect potassium (K+) and sodium (Na+) ions in aqueous 

solution. A difference in electrical potential is seen between membrane surfaces when the 

sensing membrane (sensing membranes immobilized with sodium (Na+) and potassium (K+) ions) 

comes into contact with the aqueous solution containing the specific ions. 
 
 
 
 
 

       A B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: A: Schematic diagram of the terahertz (THz) chemical microscope (TCM) sensing plate. A 
femtosecond laser is focused on the thin silicon (Si) film from the substrate side of the plate, and a THz pulse 
radiates into the free space. B: Photograph of the prototype TCM system. Reprinted with the permission of 
Kiwa et al. [1] 
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Another application of the TCM is to study the interaction between an analyte and its 

receptor, by providing a label free assay [3]. Kiwa et al. has shown that the TCM could measure 

the change in the chemical potential on the surface of the sensing plate as a result of the binding 

between an antigen and its antibody [3]. Kiwa et al. studied the change of the THz amplitude 

when different concentrations of anti-IgG antibodies interacted with the antigen (IgG) (Figure 

5.2) [3]. This study revealed that the TCM could be used to measure the binding between a ligand 

and its target. Moreover, the TCM can be used for the detection of a protein complex [4]. In a 

study by Kiwa et al., biotin-avidin complexes were detected as a change in the amplitude of the 

THz peak when biotin interacted with avidin on the surface of the sensing plate (Figure 5.3) [4]. 

 

In this study, aptamers were used in the TCM for the first time as a probe to study the 

interaction results after binding with their targets (breast cancer cells). The details of how 

aptamers could be used in the TCM to detect breast cancer cells by interacting with their targets 

is described in this chapter. 
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A B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.2: Using TCM to study antigen-antibody interactions. A: A differential image showing the changes of THz 

amplitude upon the interaction of different concentrations of anti-IgG antibody to IgG antigen. In this study 50, 100, 

and 150nM of anti-IgG antibody was added to the surface of the sensing plate which was immobilized with IgG 

antigen then, divided into 4 parts to study the different concentrations. One of the parts was a control (without IgG 

antibody) to show the THz amplitude before the interaction of the antibody to its antigen. B: the changes of the THz 

amplitude upon the interaction of the different concentrations of the antibody to the antigen plotted in a graph. 

Reprinted with permission of Kiwa et al. [3]. 
 

 

A B  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.3: Using TCM to detect protein complex. A: the image shows the TCM sensing plate with avidin protein 

immobilized on its surface, and biotin is dropped (dissolved in solution) on the surface to interact with avidin. B: 

the graph represents the change of the THz amplitude peak before and after the interaction of biotin and avidin. 

Reprinted with permission of Kiwa et al. [4]. 
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5.2 Materials and methods 
 

 

The same materials and methods were used for both the TCM studies done in Japan as well as 

those done at the INRS, unless otherwise indicated. 

 

5.2.1 Materials and DNA synthesis 
 

 

MAMB1 and MAMA2 aptamers were synthesized to obtain dual conjugate aptamers (NH2 on 

the 3’ end and 6-FAM (Fluorescein) on the 5’ end) using a DNA synthesizer. MCF10A was used as the 

control cells (“normal” breast cells). MCF7 and MDA-MB-415 were used as target breast cancer cells 

for MAMB1 and MAMA2 aptamers, respectively. Sensing plates (Wafer chips) contain a silicon dioxide 

(SiO2) layer (2 nm thick) deposited on a thin film of silicon were obtained from MTI Corporation (USA). 

 

5.2.2 Preparation of the TCM wafer chips 
 
 

5.2.2.1 Cleaning of wafer chips and surface activation 
 

 

Wafer pieces were incubated in warm acetone for 10 min, then transferred to absolute ethanol 

and incubated for another 10min. The wafers were then washed with absolute ethanol and dried using 

argon. For surface hydroxylation, the wafers were then incubated in 1M NaOH for 45 min at RT [5,6]. 

 

5.2.2.3     Silanization and  immobilization of aptamers on the wafer surface 
 

Wafers were salanized by using (3-Aminopropyl) triethoxysilane (APTES) (Scheme 5.1). 2 % 

saline solution (APTES) in 95:5 (vol/vol) absolute ethanol/water mixture was prepared and let to stand 

at RT for 30 min. Wafers were then incubated in this mixture for 2 hrs at RT. Wafers were then washed 

with absolute ethanol 3 times with an incubation of 5 min each time, dried by argon, and then were 

let to stand in an oven at 120ºC for 20 min. The amide bond was formed by adding Succinic Anhydride 

(SA). Briefly, 140 mg of SA was dissolved in 2 mL of DMSO, at the same time that the wafers were 

placed in a Petri dish, and immersed with borate buffer (200 mM boric acid pH8.00). SA solution was 

injected into the Petri dish with quick mixing, and let to incubate for 30 min at RT.  
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The wafer was then sonicated in Deionized Water (DI) for 3 min and allowed to dry using argon. 

The cross linker EDC/NHS was then used by dissolving 100mM of EDC and 50mM of NHS in DI (1 

mL each) and adding them with quick mixing to a 10mM PBS solution, where the wafers were 

immersed. The reaction was let to stand at RT for 10 min. The wafers were then washed with DI 

and dried with argon [7]. 

MAMB1 and MAMA2 aptamers were prepared in PBS to a final concentration of 10µM, 

heated at 95ºC for 5min, cooled gradually to 4ºC for 10 min, and let to stand at RT for another 

10min before being incubated with the wafers (by immersion).. The incubation time of each 

aptamer with the wafer was 30 min. The non-binding aptamers were washed away with 10 mM 

Tris and 20mM MgCl2 three times. After that, the wafers were dried by argon and were ready for 

TCM scan [7]. 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
Scheme 5.1: The process of silanization and immobilization of aptamers (MGB2 and MGB1) on the surface of the wafer chip. 
A: hydroxylation of the surface took place by incubating the wafer with NaOH, then APTES amino- silane agent was added 
to create an amino terminated surface (B). Amide bond formation took place by adding SA, followed by EDC/NHS cross 
linker for activation of the carboxylic group to mediate the formation of the covalent bond between the amine on the 3’ 
end of the DNA and the carboxylic group on the surface of the wafer (C,D,E). Adapted from [8]. 
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5.2.2.3 Validation of the immobilization of both aptamers on the surface of the sensing plates 
 

 

MAMB1 and MAMA2 wafer chips (sensing plates) were subjected to fluorescence 

microscope imaging to confirm the immobilization step. Each chip (immobilized with MAMB1 or 

MAMA2) was loaded on a ZOE™ fluorescent cell Imager (Bio-Rad, Canada) which has a bright field 

channel, and three fluorescence channels.  The green-channel (417nm excitation, 517 emission) was 

used to detect 6-FAM (fluorescein) on the surface of the chips. Samples were viewed on the screen, 

and images were taken (within the first 5 min) by an integrated digital camera at 100µm scale. A 

control chip (without aptamer on the surface) was used as a reference to compare the intensity of 

the green color on the same scale (100µm). 

 

5.2.3  TCM scan for the chips 
 
 

5.2.3.1 Cell preparation 
 

 

MCF10A, MCF7, and MDA-MB-415 (1X106/mL) were fixed using 4% formaldehyde for 15 min 

at RT, and then cells were washed and re-suspended in 10mM Tris buffer pH 7.4. 
 
 

5.2.3.2 TCM protocol 
 

 

Wafer chips (two) immobilized with aptamers (MAMB1 and MAMA2) on their surfaces were 

scanned by TCM following the protocol on how to prepare the samples for TCM. 

 

5.2.3.2.1 Binding of MAMB1 and MAMA2 aptamers to their target breast cancer cells 
 

 

For both MAMB1 and MAMA2 chips, each chip was placed on the holder of the TCM (as 

indicated by Figure 5.1 B). PBS buffer (blank) was pipetted (100 µL) on the surface of the chip (same 

for both chips). Then a scan was run using the TCM system to measure the amplttiude of the THz. 

After that the buffer was washed away gently using acetone. The control cells (MCF10A, same for 

both chips) 1x105 were then pipetted (100 µL) same was as the buffer and the amplttiude of the THz 

was recoreded.   
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Acetone washing was perfomed after this step for each chip. For MAMB1 chip, MCF7 cells (100 µL) 

were added to the surface of MAMB1 sensing plate. Same number of cells as the control cells was 

scanned to measure the amplttiude of the THz. For MAMA2 chip MDA-MB-415 (100 µL) was pipetted 

on the surface of the sensing plate. Then different number of MDA-MB-415 was tested using the 

TCM system same as in MAMB1 chip.  After that all the TCM scan data was saved.  

 
 

5.2.3.2.2   Studying different number of target cells on MAMB1 and MAMA2 sensing plates using 
 

TCM 
 

 

To further test the minimum number of target cells each aptamer-chip could bind, different 

dilutions of cells were prepared and then applied to TCM for scanning as shown in table 5.1. 

 

 
5.2.3.2.3  Selectivity test of MAMB1 and MAMA2 aptamers 

 

 

Both aptamers were further tested for their selectivity using TCM by applying the same 

protocol above, the cell lines. In this study, MAMB1 aptamer was tested against the MDA-MB-

415 cells, and the MAMA2 aptamer was tested against the MCF7 cells. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

158 
 

Table 5.1: preparation of stocks of different number of cells 
 

 

Stocks 
 

MCF7 (µl) 
MDA-MB-415 

MCF10A (µl) Total volume 
Buffer (µl) (µl) original 

(cells) original stock original stock (µl)  
stock      

      

1X104 
198 2 0 0 200 

 198 0 2 0 200 
      

 297 0 0 3 300 
      

1X103 
180 

20 from 104 

0 0 200 stock 
     

 180 0 20 from 104 
0 200 

 stock      

 270 0 0 30 from 104 
300 

 stock      

1X102 
180 

20 from 103 

0 0 200 stock 
     

 180 0 20 from 103 
0 200 

 stock      

 270 0 0 30 from 103 
300 

 stock      

10 180 20 from 102 
0 0 200 

stock      

 180 0 20 from 102 
0 200 

 stock      

 270 0 0 30 from 102 
300 

 

stock      
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5.2.3.3 TCM sensing plates scanning (imaging) details (Okayama University-Japan) 

 

For all TCM scanned chips, the central wavelength of the femtosecond laser was 780 nm. 

The average laser power that was focused onto the sensing plate was 120 mW, and the pulse 

repetition rate was 80 MHz. MAMB1 and MAMA2 chips (sensing plates) were loaded on the TCM 

holder, which is integrated into the TCM platform (as shown in Fig. 5.1B). Femtosecond laser was 

warmed warm up and stabilize (if the laser was completely off) before the scanning started (to 

stabilize the laser power). Each chip was then scanned for about 90 min. TCM measurement was 

done by scanning the chips in two dimensions (2D).  

 

THz peak amplitude maps for the initial scan and for selectivity scans were developed as 

colored contour images (using the scanned data points) for control scans (buffer only (Blank), 

and MCF10A cells) as well as experimental scans (MCF7 and MDA-MB-415 breast cancer cells) 

using Origin software (Origin pro-USA). Differential images were then developed by subtracting 

the experimental images (breast cancer cells) from the control images (buffer and MCF10A) to 

identify the shift in the THz amplitude (delta THz amplitude, (Δ THz mV)). 

 

For experiments with varying cell numbers, the numerous scanned data points (in the 

differential images) were averaged to give a single point, which represents the value of delta THz 

amplitude (Δ THz mV). The number of cells scanned (105, 104, 103, 102, 10) from each cell line 

(MCF7 and MDA-MB-415) on its corresponding chip (MAMB1 for MCF7 and MAMA2 for MDA-

MB-415) were plotted against the difference in the THz amplitude (Δ THz [mV]) to determine the 

lowest number of cells that each aptamer could bind to using TCM. 

 

The initial scan for both MAMB1 and MAMA2 chips were performed once using 105 cells 

from both MCF7 and MDA-MB-415 cells.  

 

This scan was repeated (using different chips) when the varying cell number experiments were 

done in duplicate (the first time 104, 103, 102, 10 cells were used, then the second time 105, 104, 

103, 102, 10 cells were used). The selectivity test was performed twice on two different chips. 

 
 

 
 
 



 

160 
 

5.2.3.4 TCM sensing plates scanning (imaging) details (INRS-Canada) 
 

 

The scanning method of the sensing plates used at the INRS was the same as that used in 

Japan, with a few differences. The central wavelength of the femtosecond laser was between 790 

and 800 nm. The average laser power that was focused onto the sensing plate was 130 mW, and 

the pulse repetition rate was 80 MHz. An optical (mechanical) chopper was used to improve the 

signal-to-noise ratio. Before starting the scan, the laser was warmed up for up to 30 min. The 

scanning process for each sensing plate started by first scanning the entire plate in 2D, searching 

for a region with relatively homogenous THz signal. For both plates used, an area of 2.5 × 2 mm 

was found to have a homogenous signal. The spatial resolution was 0.3 mm. The scanning time 

for each sensing plate was 10 min. 

 

Scanning was performed three times for each number of cells (10-106 of each MCF7, 

MCF10A, and MDA-MB-415) as well as for the selectivity test (MCF7 cells (106) on MAMA2 chip 

and MDA-MB-415 cells (106) on MAMB1 chip). The data was then analyzed in the same way as 

the first set of experiments in Japan, using the same software (Origin 2016 graphing and analysis). 

Three trials of each sensing plate (MAMB1 and MAMA2) were performed on the same sensing 

plate. 

 

5.3 Results and discussion 
 

 

5.3.1 MAMB1 and MAMA2 immobilization on the surface of the wafer chips (Okayama and INRS) 
 

 

MAMB1 and MAMA2 aptamers were successfully immobilized on the surface of the wafer 

chips (for Okayama and INRS experiments), and were compared to the control chip, as shown in 

Figure 5.4. The wafer chip alone without the aptamer showed some fluorescence (as seen when 

examined under the fluorescence microscope) (Figure 5.4A), which may be from sapphire or from 

the combination of the sapphire with silicon and silicon oxide.  
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This fluorescence is negligible (as we see in Figure 5.4A) compared to the fluorescence of the 

aptamers. The fluorescence shown by MAMB1 (Figure 5.4B) and MAMA2 (Figure 5.4C) binding 

aptamers is much more (as the image indicated (Figure 5.4B)), indicating that the DNA aptamers 

were immobilized on the surface of the chip. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

A 
 

A 

B C 

Figure 5.4: Fluorescence images of the wafer chips after aptamer immobilization taken by ZOE™ Fluorescent Cell 

Imager. A: wafer chip alone without aptamer. B: MGB2 chip after immobilization of the aptamer (MAMB1) 

showing a proof that the 6-FAM labeled aptamer was covalently bound to the wafer chip. C: MGB1 chip after 

immobilization of the aptamer (MAMA2) showing a proof that the 6-FAM labeled aptamer was covalently 

bound to the wafer chip. Images were taken on the green channel (417nm excitation, 517 emission). The scale 

was 100µm for all images. 
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5.3.2 Okayama University results 
 
 

5.3.2.1 Binding of MAMB1 and MAMA2 aptamers to their target breast cancer cells 

 

Aptamers are similar to antibodies in the way they bind to their targets, and it has been 

reported that the TCM was used to detect the binding of an antibody to its antigen (target) (as 

discussed in the introduction of this chapter) [3]. Therefore, we tested MAMB1 and MAMA2 

aptamers using TCM to detect breast cancer cell lines. MCF7 and MDA-MB-415 (target cells) as 

well as MCF10A (control cells, (1×105 cells from each)) were added (pipetting (100µL)) to their 

corresponding sensing plates and scanned by TCM (as mentioned in the TCM protocol of the 

method section). The results showed more interaction (binding) between the aptamers and their 

target breast cancer cells (MCF7 and MDA-MB415) compared to the interaction between 

aptamers and control cells (MCF10A), as well as the buffer, as indicated by the intensity of the 

color in contour images (Figure 5.5 and Figure 5.6). The interaction of the aptamers with their 

targets on the surface of each sensing plate led to a change in the chemical potential on the 

surface and therefore resulted in a THz amplitude shift (change). This shift was higher when using 

MCF7 cells on MAMB1 sensing plate and MDA-MB-415 cells on MAMA2 plate, when compared 

to the control cells (MCF10A) (Figure 5.5C and B and 5.6C and B). 

 

Different THz peak intensities can be seen in Figures 5.5C and 5.6C, especially at the 

centers of the images. The intensity in Figure 5.5C is higher (orange) than that of Figure 5.6C 

(green to orange), as indicated by the color scale on the right of both images, which represents 

the THz amplitude (mV). This could explain the interaction of both aptamers to their targets. 

MAMAB1 aptamer seemed to have a higher affinity (more interaction) to MCF7 cells compared 

to MAMA2 aptamer and its target (MDA-MB- 415) and thus resulted in more change in the THz 

amplitude on the sensing plate than MAMA2 aptamer. The change observed with both aptamers 

is indeed higher than the shifting resulting from the buffer (Blank, (dark green)) or control cells 

((dark green) MCF10A) when interacting with either the MAMB1 chip (Figure 5.5A and B) or 

MAMA2 chip (Figure 5.6A and B). The interactions of the buffer and the control with the aptamers 

were considered as the baseline. 
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In order to evaluate the THz amplitude change due to the actual aptamer-target interaction 

(binding), the THz amplitude for the target cells should be subtracted from that of the control cells 

(MCF10A), and generating differential images (Figure 5.5 F and Figure 5.6 F). Again, by looking at 

Figures 5.5F and 5.6F and comparing the signal intensities, Figure 5.5F shows a higher intensity 

(dark orange) than Figure 5.6F (light orange). This emphasized that the binding of MAMB1 aptamer 

developed more shifting on the surface of the MAMAB1 chip, compared to the MAMA2 aptamer 

on the surface of MAMA2 chip. 

 

The interaction of the aptamers with their targets depends on the conditions in which the 

aptamers are present [9]. For example, it has been reported that the presence of positively charged 

ions such as Mg2+ could dramatically affect the interaction of aptamers to their targets [10-12]. In 

TCM experiments done at Okayama, the targets (breast cancer cells) were present in 10mM Tris 

buffer, which might not have been a favorable environment for the aptamers, since the ionic 

strength was not enough for the aptamer-target interaction. As such, the aptamers may not have 

formed the necessary three dimensional structures for the optimal target interaction. This could 

explain the behavior of MAMA2 aptamers compared to MAMAB1 aptamers, in which MAMA2 

might need extra ionic strength to fold properly on the target and generate a higher shift in THz 

amplitude (Figure 5.5F and 5.6F). On the other hand, TCM is sensitive to salts, since it can be used 

to study chemical reactions, such as the interaction of potassium and sodium ions with water (as 

mentioned in the introduction section of this chapter) [1], and the use of extra salts could develop 

false negative results (the buffer will cause high shift of the THz amplitude on the surface of the 

sensing plate and thus, masking the real interaction of aptamer and the target). It is worth 

mentioning here that these results match the results in chapter 3, when both aptamers were used 

to detect breast cancer cells in complex biological media using flow cytometry (Figures 3.4 and 3.5). 

MAMA2 showed a lower mean of fluorescence intensity (binding) than MAMB1. 

 

Figure 5.5D and E and Figure 5.6D and E represent the differential images for both the 

control cells (MACF10A) and the cancer cells (MCF7 and MDA-MB-415 respectively) subtracted 

from the buffer.  
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The shift of the THz amplitude in control cells was small (baseline) as indicated by the color scale 

(dark green) (Figure 5.5D and 4.6D) compared to the shift as a result of the aptamers interaction 

with their targets (dark orange) (Figure 5.5E and 5.6E). 

 
 

Overall results of the initial testing of MAMB1 and MAMA2 using TCM indicate high binding 

to their breast cancer cell targets compared to control cells. These results matched the results 

obtained by Kiwa et al. when they used an antibody (Ig-G) to detect its antigen (Ig-G) [3], as they 

also noticed an increase in the THz amplitude compared to the control [3]. Aptamers could 

therefore be used in this manner, and more experiments were done to determine the lowest 

number of cells that could be detected using TCM. These results are explained in the following 

section. 
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Figure 5.5: THz peak amplitude mapping  
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A: B: 

C: 

Buffer MCF10A (control cells) 

MCF7 (cancer cells) 

D: E: 

F: 

MCF10A- Buffer 

 MCF7 – MCF10A 

MCF7- Buffer 

Figure 5.5: THz peak amplitude mapping for MAMAB1 chip. A: buffer alone B: MCF10A (normal control cells), C: 
MCF7 cells (breast cancer cells), D,E, and F: Differential images after subtraction from buffer and control cells. 
Images were created using Origin software. MCF7 breast cancer cells (1×105) were placed on the surface of the 
sensing plate by pipetting a 100µl. then the sensing plate was scanned in 2D for 90 min. many data points were 
measured during the scanning. These data points were converted to contour images using Origin software.       
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Figure 5.6: THz peak amplitude mapping for MAMA2 chip. A: buffer alone B: MCF10A (normal control cells), C: MDA- 
 

MB415 cells (breast cancer cells), D,E, and F: Differential images after subtraction from buffer and control cells. 

Images were created using Origin software. MDA-MB-415 breast cancer cells (1×105) were placed on the surface of 

the sensing plate by pipetting a 100µl. The sensing plate was then scanned in 2D for 90 min. Many data points were 
measured during the scanning. These data points were converted to contour images using Origin software. 
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5.3.2.2 Studying different numbers of target cells on MAMB1 and MAMA2 sensing plates using 
 

TCM 
 

Different numbers of breast cancer cells (MCF7 and MDA-MB-415), as well as control cells 

(MCF10A) (105, 104, 103, 102, 10) were used in this experiment. Cells were pipetted onto the 

sensing plate (100µL) in the same way as described in the initial test experiment (control cells first 

and then cancer cells).  The chip was then scanned in 2D for each set of cells for around 90 min, 

using a femtosecond laser as the laser source for the TCM. The experiment was done twice on two 

different TCM chips. The 105 set of cells was only used in the second trial. 

 

As mentioned earlier (in the TCM protocol method section), many data points were 

scanned on the surface of the TCM chips (MAMB1 and MAMA2 chips). This data was averaged (the 

area represented by the dashed black lines on the differential images (Figure 5.7A- 5.7D and 5.8A-

5.8E, and figure 5.9A-5.9E and Figure 5.10A-5.10F)) to give a single point on the graph (Figure 5.7E 

and 5.8F and figure 5.9E and 5.10F). Due to the large number of measurements, the error in each 

measurement was small. 

 

The first trial using the MAMB1 chip showed increasing delta THz amplitude with increasing 

number of scanned breast cancer cells (MCF7), from 0.08mV at 10 cells to 0.90mV at 104 cells, as 

shown by the differential images of breast cancer cells (Figure 5.7). In contrast, the second trial 

results showed decreasing of the THz amplitude from 0.65mV at 10 cells to - 0.94 mV at 105 cells, 

as shown by the differential images of MCF7 (Figure 5.8). The results obtained from MAMA2 chip 

scanned by TCM showed that THz amplitude was decreasing with increasing number of cells in the 

two trials, from 0.50 mV at 10 cells to -3.30mV at 104 cells in the first trial (Figure 5.9) and from -

0.59mV at 10 cells to -0.99mV in the second trial (Figure 5.10). 

 

In Figure 5.7, the THz amplitude changed at positions where the MAMB1 aptamer 

interacted with MCF7. The error bars (on figure 5.7E) that represent the standard deviation of each 

single image at each concentration of the cells (calculated as [13]), Figure 5.7 A-D) indicated high 

variability in the shift of the THz amplitude, as a result of either the inhomogeneity in the 

immobilization of MAMB1 or the THz signal due to the nature of the sensing plate.  
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This non-uniformity was also reported in the study by Kiwa et al. for antibody-antigen interaction 

[3]. On the other hand, the change in the THz amplitude for the second trial of MAMB1 was more 

uniform than the first one, as indicated by the standard deviation values (Figure 5.8F). The 

interaction of MAMA2 with MDA-MB-415 cells in the first and second trials showed more 

uniformity in the THz amplitude change, as shown in figures 5.9E and 5.10F. These results suggest 

that the TCM can evaluate aptamer-breast cancer cell complex formation. However, more trials 

were needed to confirm this point, and thus more sensing plates (MAMB1) were scanned at the 

INRS (Canada). 

 

The first trial with the MAMA2 chip showed an increase in the THz amplitude at 10 and 102 

cells, and then a drop to – 0.35 mV at 103 cells (Figure 5.9C). The electric field turned the opposite 

direction at the same number of cells in the second trial of the MAMB1 chip (Figure 5.8C). The 

relationship between the THz amplitude change and the number of cells is not quite linear (Figure 

5.9E). Results of the second trial showed that the THz amplitude was very similar for 103 and 104 

cells (Figure 5.10C and D). No correlation was found in THz amplitude change and the number of 

cells (Figure 5.10F). In this case, more trials were also needed to reach a conclusion, and thus more 

sensing plates (MAMA2) were scanned at the INRS (Canada). 

 
 

To summarize, the results obtained by studying different number of cells on MAMB1 and 

MAMA2 chips revealed that the TCM could be used to detect the interaction of aptamers with 

breast cancer cells.  There were however, many factors that could affect the changes in the THz 

amplitude (that is, the binding of aptamers to their target of MAMB1 and MAMA2 chips) on the 

surface of the sensing plate, such as: the initial charges (initial chemical potential) on the surface 

of the sensing plate (chip), the quality of the TCM sensing plate, as good chips give rise to more 

uniform and less variable results and, the nature of the target, in our case the targets were normal 

cells (in case of the control) and cancer cells (in case of the targets). Cells are large in size, holding 

many charges on their surfaces that could change the values of the THz amplitude. Finally, the 

environment surrounding the aptamers could affect the results. For example, the buffer is one of 

the conditions that could affect the interaction of the aptamers with their targets, as mentioned 

earlier in this section, as well as the temperature and the pH [12].  
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All of these factors should be investigated. It is worth mentioning here that the above experiments 

were done using different sensing plates (not the same sensing plate), and this could play a role in 

the output as well. Dr. Kiwa (Okayama lab) propsed that in order to study the reproducibility of 

MAMB1 and MAMA2 aptamers, the trials should be done on the same sensing plate up to four 

times as soon as the bond between the aptamers and their targets could be broken by mild 

solvents. Therefore, three more trials were performed at the INRS (Canada) for each MAMB1 and 

MAMA2 sensing plate, and the results are discussed in the following sections. 
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MCF7 -MCF10A (10) MCF7-MCF10A (102) MCF7-MCF10A (103) 

A: 0.08 mV B: 0.37 mV C: 0.83 mV 
  

 
 
 
 
 
 
 
 
 

 

MCF7-MCF10A (104) 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: THz peak amplitude mapping of different numbers of MCF7 cancer cells on the surface of MAMB1 sensing plate 

(first trial). A-D: differential images (MCF7-MCF10A) of MAMB1 sensing plate when different numbers of MCF7 cancer 

cells were used (10, 102, 103 and 104 respectively). E: THz amplitude (mV) curve against different number of cells. 

To calculate the THz amplitude (mV) an average area of 6.7 mm was created on both the X axis and the Y axis. 
Images were created using Origin software. 
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Figure 5.8: THz peak amplitude mapping of different numbers of MCF7 cancer cells on the surface of MAMB1 sensing 
plate (second trial). A-E: differential images (MCF7-MCF10A) of MAMB1 sensing plate when different numbers of 
MCF7 cancer cells were used (10, 102, 103, 104   and 105 respectively). F: THz amplitude (mV) curve against different 
number of cells. To calculate the THz amplitude (mV) an average area of 7 mm was created on both the X axis and 
the Y axis. Images were created using Origin software.              
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Figure 5.10: THz peak amplitude mapping of different numbers of MDA-MB-415 cancer cells on the surface 
of MAMA2 sensing plate (second trial). A-E: differential images (MDA-MB-415-MCF10A) of MAMA2 sensing 

plate when different numbers of MDA-MB-415 cancer cells were used (10, 102, 103, 104 and 105 respectively). 

F: THz amplitude (mV) curve against different number of cells. To calculate the THz amplitude (mV) an 
average area of 7 mm was created on both the X axis and the Y axis. Images were created using Origin 
software. 
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5.3.2.3 Selectivity of MAMB1 and MAMA2 aptamers 

 

The selectivity of both aptamers was investigated by adding MDA-MB-415 cells (1×105 

cells) on the MAMB1 sensing plate, and adding MCF7 cells (1×105 cells) to the MAMA2 sensing 

plate, and scanning both plates using the TCM. The results showed that the MAMB1 aptamer 

was very selective to MCF7 cancer cells, as shown by the TCM differential images in both first 

and second trials (Figure 5.11C, E and K). The change in THz amplitude was higher when MAMB1 

interacted with MCF7 cells compared to MCF10A and MDA-MB-415 cells (Figure 5.11K). On the 

other hand, the interaction of MAMA2 with MCF7 was higher than MDA-MB-415 in both the first 

and second trials (Figure 5.11 H, J and K). Furthermore, the binding of the MAMA2 aptamer to its 

target breast cancer cells MDA-MB-415 was low, as indicated by the value of the THz amplitude 

(0.69 mV) in both trials compared to 2.025 mV for MAMB1 to MCF7 (Figure 5.11 K). This might 

have been because the two cell lines are different (in terms of size and gene expression) and 

therefore they could have exhibited different interaction behavior to their targets, and that the 

TCM method was sensitive enough to detect the changes of these cells. Moreover, MAMA2 could 

have been more sensitive to the conditions of the surrounding environment than the MAMB1 

aptamer, as we mentioned earlier, since buffer, temperature, and pH could affect the interaction 

of aptamers to their targets [12]. The high non-specific binding of MAMA2 to MCF7 could be 

reduced by using a blocking reagent such as ethanol amine to block the extra sites on the sensing 

plate that could bind non-specifically to MAMA2 aptamer on the surface of the sensing plate. 

 

To summarize, the selective study results were done twice on two different chips and 

revealed that TCM could be used as a tool to test the selectivity of the aptamers to their targets. 

However, more trials needed to be done and thus, selectivity tests were repeated three times on 

new chips for each aptamer at the INRS (Canada). 
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     Figure 5.11: THz peak amplitude mapping obtained for MAMB1 and MAMA2 sensing plates after the selectivity test.  
A-C: differential images of MAMB1 sensing plate after adding MDA-MB-415 cells for the first trial. D,E: 
differential images of MAMB1 sensing plate after adding MDA-MB-415 cells for the second trial. F-H: differential 
images of MAMA2 sensing plate after adding MCF7 cells for the first trial. I, J: differential images of MAMA2 
sensing plate after adding MCF7 cells for the second trial. K: A graph represent the mean values of THz amplitude 
for MAMB1 and MAMA2 sensing plate after adding MCF7, MDA-MB-415 and MCF10A cells on each of them. 
Images were created using Origin software, and the graph was created using excel 2013. 
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5.3.3 INRS results 

 

 

5.3.3.1 MAMB1 and MAMA2 aptamers bind to their target breast cancer cells using TCM 

 

Both MAMB1 and MAMA2 sensing plates were scanned using the TCM at the INRS, as 

mentioned earlier in this chapter. The scanning was done three times on the same sensing plate 

for each number of cells (10-106) on each chip, and for the selectivity tests (MDA-MB-415 (1×106) 

on MAMB1 chip, and MCF7 (1×106) on MAMA2 chip). 

 

The results obtained from MAMB1 chip showed that the THz amplitude for MCF7 (cancer 

cells) was higher than the one obtained from the buffer and MCF10A (normal cells) at all number 

of cells (Figures 12- 17 A-C for each). The differential image results indicated that the MAMB1 

aptamer was specific for cancer cells only, regardless of the number of cells measured, as the THz 

amplitude indicated (Figures 12-17 D for each). Plotting the number of cells against the THz 

amplitude change (differential images) showed increasing (toward the positive) of the THz 

amplitude with increasing number of cells from 0.08 mV at 10 cells to 0.42 mV at 106 cells (Figure 

5.18 A-F for each), with the relationship being linear with R2 = 0.991 (Figure 5.18 G). The binding 

of the MCF7 cancer cells to the MAMB1 aptamer (as ΔTHz after subtracting from normal cells) 

was significant at all numbers of cells (P<0.05) compared to the buffer, indicating that the TCM 

could detect as low as 10 cancer cells on the sensing plate (MAMB1) (Figure 5.18). These results 

were similar to the first trial using the MAMB1 chip that was done at Okayama (Figure 5.7). 

However, the variation here was very small because the three trials were done on the same chip, 

reducing the variability coming from using different sensing plates, which was the major factor 

for the large variability seen in the results obtained at Okayama. Moreover, the chip was scanned 

for a homogenous THz signal before the scanning of the samples started, which also contributed 

to reducing the variability. 

 

The MAMA2 chip showed results that were similar to those of MAMB1. The THz 

amplitude for MDA-MB-415 (cancer cells) was higher than that obtained from the buffer and 

MCF10A (normal cells) at all number of cells (Figures 12-17 E-G for each). Subtracting the THz 

signal of normal cells from cancer cells (differential images) indicated the specificity of MAMA2 

to cancer cells vs non-cancer cells (Figures 12-17 H for each). The slope of the THz amplitude 
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(THz) as a function of the number of cells was negative (this could be the result of the initial 

charges on the sensing plate or the charges of the cells, as discussed earlier in the Okayama 

results). The absolute THz amplitude increases with increasing number of cells from -0.076 mV at 

10 cells to -0.33 mV at 106 cells of MDA-MB-415 (Figure 5.19 A-F). The relation was linear with 

R2 = 0.992 (Figure 5.19G). The THz amplitude was significant at all number of cells (P<0.05) 

compared to the buffer, indicating that the TCM could detect as small as 10 cancer cells on the 

sensing plate (MAMA2) (Figure 5.19). The results here were similar to the first trial on MAMA2 

chip obtained from Okayama (Figure 5.8). However, the THz signal from the INRS results were 

more uniform because the three trials were performed on the same chip, similar to the case for 

MAMB1. 

 

Another important factor that have contributed to reducing the variability of the INRS 

compared with those at Okayama results is the scanning time of the sensing plates. The time was 

90 min for the Okayama experiments vs 10 min for the INRS experiments. The interaction of 

aptamers with their targets takes place in the first 5 min (when the target is introduced to the 

aptamer), until all the binding sites on the target are occupied with the aptamer (saturation) The 

interaction will reach equilibrium, and the aptamers might go into cycles of binding and 

unbinding the target (in the case of the 90 min scan). This could affect the THz signal and create 

more variability. 

The limit of detection and limit of quantification were 1 and 10 cells in a million of cancer 

cells respectively for both MAMB1 and MAMA2 aptamers. These values indicated the high 

sensitivity of our TCM detection method.  

 

In summary, the results obtained at the INRS indicate that the TCM could be used to 

detect a small number of breast cancer cells (1 cell in a million cells of breast cancer cells). 

However, more optimization needs to be done in the future as this was the first time the TCM 

has been used for detecting breast cancer cells. Moreover, testing the binding of MAMB1 and 

MAMA2 to their breast cancer cells in a mixture of normal cells and spiked cancer cells would 

reveal the sensitivity of TCM in detecting metastatic breast cancer cells.    
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Figure 5.12: THz peak amplitude mapping for MAMB1 and MAMA2 chips at 106 of breast cancer cells. A,E: buffer 
alone B,F: MCF10A (normal control cells), C,G: MCF7 cells and MDA-MB-415 (breast cancer cells) respectively  D,H : 
Differential images after subtraction from control cells. Trials were repeated three times (for each chip) on the same 
sensing plate. Images were created using Origin software. MCF7 and MDA-MB-415 breast cancer cells (1×106) were 
placed on the surface of their sensing plates by pipetting a 120µL. then each sensing plate was scanned in 2D for 10 
min. many data points were measured during the scanning. These data points were converted to contour images 
using Origin software.        
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Figure 5.13: THz peak amplitude mapping for MAMB1 and MAMA2 chips at 105 of breast cancer cells. A,E: buffer 
alone B,F: MCF10A (normal control cells), C,G: MCF7 cells and MDA-MB-415 (breast cancer cells) respectively  D,H : 
Differential images after subtraction from control cells. Trials were repeated three times (for each chip) on the same 
sensing plate. Images were created using Origin software. MCF7 and MDA-MB-415 breast cancer cells (1×105) were 
placed on the surface of their sensing plates by pipetting a 120µL. then each sensing plate was scanned in 2D for 10 
min. many data points were measured during the scanning. These data points were converted to contour images 
using Origin software.        
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Figure 5.14: THz peak amplitude mapping for MAMB1 and MAMA2 chips at 104 of breast cancer cells. A,E: buffer 
alone B,F: MCF10A (normal control cells), C,G: MCF7 cells and MDA-MB-415 (breast cancer cells) respectively  D,H : 
Differential images after subtraction from control cells. Trials were repeated three times (for each chip) on the same 
sensing plate. Images were created using Origin software. MCF7 and MDA-MB-415 breast cancer cells (1×104) were 
placed on the surface of their sensing plates by pipetting a 120µL. then each sensing plate was scanned in 2D for 10 
min. many data points were measured during the scanning. These data points were converted to contour images 
using Origin software.        
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Figure 5.15: THz peak amplitude mapping for MAMB1 and MAMA2 chips at 103 of breast cancer cells. A,E: buffer 
alone B,F: MCF10A (normal control cells), C,G: MCF7 cells and MDA-MB-415 (breast cancer cells) respectively  D,H : 
Differential images after subtraction from control cells. Trials were repeated three times (for each chip) on the same 
sensing plate. Images were created using Origin software. MCF7 and MDA-MB-415 breast cancer cells (1×103) were 
placed on the surface of their sensing plates by pipetting a 120µL. then each sensing plate was scanned in 2D for 10 
min. many data points were measured during the scanning. These data points were converted to contour images 
using Origin software.        
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Figure 5.16: THz peak amplitude mapping for MAMB1 and MAMA2 chips at 102 of breast cancer cells. A,E: buffer 
alone B,F: MCF10A (normal control cells), C,G: MCF7 cells and MDA-MB-415 (breast cancer cells) respectively  D,H : 
Differential images after subtraction from control cells. Trials were repeated three times (for each chip) on the same 
sensing plate. Images were created using Origin software. MCF7 and MDA-MB-415 breast cancer cells (1×102) were 
placed on the surface of their sensing plates by pipetting a 120µL. then each sensing plate was scanned in 2D for 10 
min. many data points were measured during the scanning. These data points were converted to contour images 
using Origin software.        
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Figure 5.17: THz peak amplitude mapping for MAMB1 and MAMA2 chips at 10 cells of breast cancer cells. A,E: buffer 
alone B,F: MCF10A (normal control cells), C,G: MCF7 cells and MDA-MB-415 (breast cancer cells) respectively  D,H : 
Differential images after subtraction from control cells. Trials were repeated three times (for each chip) on the same 
sensing plate. Images were created using Origin software. MCF7 and MDA-MB-415 breast cancer cells (1×10) were 
placed on the surface of their sensing plates by pipetting a 120µL. then each sensing plate was scanned in 2D for 10 
min. many data points were measured during the scanning. These data points were converted to contour images 
using Origin software.        
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Figure 5.18: THz peak amplitude mapping of different numbers of MCF7 cancer cells on the surface of MAMB1 
sensing plate. A-F: differential images (MCF7-MCF10A) of MAMB1 sensing plate when different numbers of MCF7 
cancer cells were used (10, 102, 103, 104, 105, and 106 respectively). G: THz amplitude (mV) against different number 
of MCF7 cells. To calculate the THz amplitude (mV) an average area of 2.0 mm was created on the X axis and 1.3 
mm on the Y axis. Images were created using Origin software.  Values are shown as means ± S.E.M. of three trials. 
The statistical significance was determined by one way ANOVA followed by Fisher LSD multiple tests using SPSS 
software (SPSS, version 23). P Values less than 0.05 were considered to be significantly different.            
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Figure 5.19: THz peak amplitude mapping of different numbers of MDA-MB-415 cancer cells on the surface of 
MAMA2 sensing plate. A-F: differential images (MDA-MB-415-MCF10A) of MAMA2 sensing plate when different 
numbers of MDA-MB-415 cancer cells were used (10, 102, 103, 104, 105, and 106 respectively). G: THz amplitude (mV) 
curve against different number of cells. To calculate the THz amplitude (mV) an average area of 2.0 mm was created 
on the X axis and 1.3 mm on the Y axis. Images were created using Origin software.  Values are shown as means ± 
S.E.M. of three trials. The statistical significance was determined by one way ANOVA followed by Fisher LSD multiple 
tests using SPSS software (SPSS, version 23). P Values less than 0.05 were considered to be significantly different.            
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5.3.3.2 MAMB1 and MAMA2 are selective for their target cancer cells 
 

 

The selectivity test of both MAMB1 and MAMA2 aptamers immobilized on the surface of 

the sensing plates were performed by adding MDA-MB-415 cells (1×106 cells) to the MAMB1 

sensing plate, and MCF7 (1×106 cells) to the MAMA2 sensing plate. The results showed that 

MAMB1 and MAMA2 aptamers were selective to their breast cancer cell targets (MCF7 and MDA-

MB-415, respectively) (Figure 5.20 and 21) as shown by the differential images (subtracting from 

the buffer) (Figure 5.20 D and E, Figure 5.201 D and E). 

 
 

MAMA2 showed high nonspecific binding when tested at Okayama (Figure 5.11). 

However, the number of cells added to the sensing plate was different (1×105 at Okayama versus 

1×106 cells at the INRS, for both sensing plates). 106 cells could be a better choice to perform the 

selectivity test. Applying a different number of cells to the selectivity test could answer more 

questions. 
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Figure 5.20: THz peak amplitude mapping obtained for MAMB1 sensing plate after the selectivity test. A-C: images 
of MAMB1 sensing plate pf buffer (A), MCF10A (B), and MDA-MB-415 cells (c). D-F: differential images of MCF10A 
and MDA-MB-415 subtracting from the buffer (D,E) and MDA-MB-415 subtracting from MCF10A (F). G: a graph 
represent the mean values (of three trials) of THz amplitude of MCF, MCF10A and, MDA-MB-415 subtracting from 
the buffer. Images were created using Origin software, and the graph was created using excel 2013.  
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Figure 5.21: THz peak amplitude mapping obtained for MAMA2 sensing plate after the selectivity test. A-C: images 
of MAMB1 sensing plate of buffer (A), MCF10A (B), and MCF7 cells (c). D-F: differential images of MCF10A, MCF7 
subtracting from the buffer (D,E) and MCF7 subtracting from MCF10A (F). G: a graph represent the mean values (of 
three trials) of THz amplitude of MCF, MCF10A and, MDA-MB-415 subtracting from the buffer. Images were created 
using Origin software, and the graph was created using excel 2013.  
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5.4 Conclusion 
 

 

For the first time, the interaction of aptamers with their targets on the surface of the 

sensing plate was performed in this study. Aptamers are small in size and are easily modified 

to be immobilized on the surface of the sensing plate. Moreover, aptamers are more stable 

than antibodies and thus, can handle variable conditions (e.g. scanning at RT). 
 

The experiments were performed at Okayama University (Dr. Kiwa’s lab) and the INRS 

(Dr. Ozaki’s lab). The conditions of TCM scanning were slightly different at both labs. The first 

step of this study was to run initial testing to study the interaction of MAMB1 and MAMA2 

aptamers that were immobilized on the surface of the sensing plates, allowing scanning times 

of 90 min when MCF7 cells were pipetted on the surface of the MAMB1 plate, and MDA-MB-

415 on the surface of the MAMA2 plate. The results of the initial testing showed that the TCM 

could be used to detect breast cancer cells, as the TCM signal from the aptamers binding with 

breast cancer cells was higher than that binding to normal breast cells (control) (Figure 5.5). 

The results using different numbers of cells showed more consistent results for MAMB1 

aptamer interacting with its target MCF7 cells, compared to MAMA2 interacting with its 

target MDA-MB-415 cells (Figures 5.6-5.8). These results were similar to the ones obtained 

from the initial testing. A third set of experiments were done to investigate the selectivity of 

MAMB1 and MAMA2 aptamers to their target breast cancer cells by TCM. The results showed 

high selectivity of MAMB1 to its target breast cancer cells, and high non-specific binding of 

MAMA2 to MCF7 (Figure 5.11). However, the variability of the results obtained at Okayama 

was high and thus, more trials were performed at the INRS (three trials on the same sensing 

plate). 
 

The results obtained at the INRS were less variable, because we used one sensing 

plate of each aptamer for all the trials to minimize the variability and test the reproducibility 

of the aptamers. ΔTHz amplitude increased with increasing number of both cell types on both 

sensing plates (Figures 12-18). Moreover, the TCM could detect (P<0.05) as low as 10 cancer 

cells for both sensing plates. In addition, the result showed that both aptamers were selective 

at 106 cancer cells (Figures 5.19-20). 

 

 



 

190 
 

 

In conclusion, TCM technology could use aptamers as recognition elements to detect 

breast cancer cells. This proof-of-concept study could be the spark for a new aptamer 

detection method for cancer and maybe in other fields in the future. 
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Appendices 
 

 

Appendix A 
 

 

A.1 Fluorescence microscopy images of MAMB1 and MAMA2 binding to other cancer and 
normal cell lines 
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Figure A.1: Fluorescence microscopy images of aptamers MAMB1 and MAMA2 binding to different cancer and 
normal cell lines. A: MAMB1 binding to HEK293 cells, B: random sequence binding to HEK293 cells, C: MAMA2 
binding to HEK293 cells. D: MAMB1 binding to WI38 cells, E: random sequence binding to WI38 cells, F: MAMA2 
binding to WI38 cells, G: binding of both MAMB1 to MDA-MB-231 cells, H: random sequence binding to MDA-MB-
231 cells, I: binding MAMA2 to MDA-MB-231 cells, J: MAMB1 binding to HepG2 cells, K: random sequence binding 
to HepG2 cells, L: MAMA2 binding to HepG2 cells. Both aptamers and the random sequence were incubated with 
the cells for 30 min and then imaged. Scale bars correspond to 25µm in all images. 
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A.2 Transformation and purification results of MGB2 and MGB1 plasmids  
 

 

A B 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

C 
 

D 
 
 
 
 
 
 
 
 
 
 

 

Figure A.2: Transformation and purification results of MGB2 and MGB1 plasmids. A-B: photos of agar 
plates with growing colonies after transformation of MGB2 (A) and MGB1 (B) plasmids to alpha DH5 
bacteria. C-D: nano-drop reports for MGB2 (C) and MGB1 (D) indicating high amount of DNA after using 
midiprep system for purification of plasmids. 
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Résumé en français 
 

 

1.  Introduction 
 

 

Cancer du sein 
 

 

Le cancer du sein est le cancer le plus fréquemment diagnostiqué chez les femmes canadiennes. 

Il correspond à 26% de tous les cancers nouvellement diagnostiqués chez les femmes. L'incidence 

du cancer du sein est plus élevée dans les pays développés avec un taux de 80 pour 100 000 dans 

l'Union européenne et 92 pour 100 000 en Amérique du Nord. Le cancer du sein est le principal 

cancer diagnostiqué et la deuxième cause (après le cancer du poumon) de décès par cancer chez 

les femmes canadiennes. En 2015, environ 25 000 Canadiennes ont été diagnostiquées avec un 

cancer du sein. L'un des facteurs de risque les plus importants pour le développement du cancer 

du sein est d'avoir des antécédents familiaux de cancer du sein. De plus, les femmes qui ont été 

exposées ou traitées par rayonnement dans la zone de la poitrine, du cou et des bras sont plus 

susceptibles de développer un cancer du sein au cours de leur vie. On a montré que les facteurs 

de risque de cancer du sein liés au mode de vie augmentaient le risque de cancer du sein, ces 

facteurs incluent l'alcool, le surpoids ou l'obésité, le tabagisme, le contrôle des naissances et la 

thérapie de remplacement hormonal. La mammographie a prouvé son efficacité pour réduire le 

taux de mortalité du cancer du sein. D'autres méthodes telles que l'échographie mammaire et 

l'imagerie par résonance magnétique mammaire (IRM) ont été utilisées dans le diagnostic du 

cancer du sein. 

 

Le cancer du sein métastatique (MBC) et les cellules tumorales circulant (CTC) 
 

 

Le cancer du sein métastatique (MBC) est une étape du cancer du sein où la maladie s'est propagée 

à différentes parties du corps en plus des ganglions axillaires, telles que les os, le foie, les poumons 

ou le cerveau. La métastase est la principale cause de décès chez la majorité des patientes atteintes 

de cancer du sein. Pour qu’il y ait des métastases, les cellules cancéreuses du 
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sein doivent compléter une cascade d'événements, de l'invasion des tissus locaux au sang et de la 

croissance à distance du premier site provoquant une tumeur secondaire (figure 1). Au cours des 

premiers stades, certaines cellules cancéreuses gagnent des propriétés invasives et laissent la tumeur 

primaire s'insinuer dans la circulation sanguine ou le système lymphatique. Par la suite, les cellules 

circulent dans le sang à travers le corps, adhèrent à leur site secondaire préféré et extravasent de la 

circulation dans le tissu secondaire. Les cellules cancéreuses doivent ensuite maintenir la croissance 

dans le site secondaire pour former des micro-métastases, puis la formation ultérieure de macro-

métastases par angiogenèse sur le site secondaire. Les cellules qui se détachent de la tumeur primaire 

et circulent dans le sang sont appelées CTC. 

 

Les CTC ont la capacité d'initier des métastases en convertissant des cellules cancéreuses 

épithéliales différenciées en cellules dédifférenciées qui ont plus de caractéristiques 

mésenchymateuses par transition épithéliale à mésenchymateuse (EMT). Ce qui est considéré 

comme un événement crucial dans le processus métastatique (figure 1). La transition 

phénotypique des CTC est réversible et il a été signalé qu'une fois que les cellules CTC atteignent 

leur destination, elles se retrouveront dans un phénotype épithélial dans un processus appelé 

transition mésenchymateuse à épithéliale (MET), cette transition est déterminante pour la 

croissance tumorale dans le secondaire Site (figure 1). 

 

Les CTC sont des événements très rares dans le sang, par conséquent, la détection de ces cellules 

dans le sang est une tâche difficile. Le système CellSearchTM est le seul instrument approuvé par 

la FDA (Food and Drug Administration) pour détecter et quantifier les CTC dans le sang humain à 

partir de carcinomes épithéliaux, Cela inclus le cancer du sein basé sur l'interaction de la molécule 

d’adhésion cellulaire (EpCAM) à la surface des CTC et de son anticorps monoclonal. EpCAM est 

considéré comme le biomarqueur de choix pour la détection de CTC dans le sang des patients 

atteints de cancer du sein. Cependant, l'expression de protéines EpCAM n'est pas la même chez 

tous les CTC. En outre, certains des CTC perdent l'expression d'EpCAM pendant la circulation dans 

le sang. Par conséquent, plus de biomarqueurs doivent être identifiés pour aider à détecter les 

CTC du cancer du sein. 
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Les protéines Mammaglobin B et mammaglobin A 
 

 

La mammaglobine B (MGB2) a d'abord été identifiée par Becker et al. En 1998 en tant que 

protéine sécrétoire et membre d'une famille de gènes d'utéroglobine. MGB2 est une petite 

protéine composée de 95 acides aminés pour l'ensemble de la protéine et 77 acides aminés 

pour la protéine mature (les 18 premiers acides aminés est un peptide signal qui est clivé 

lorsque la protéine mature est sécrétée hors de la cellule), avec une masse de 8854,1 KDa 

pour la protéine mature et le point isoélectrique 4.94. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1 : cascade de métastases, dans la première étape qui inclut la formation de la tumeur primaire, les cellules 
cancéreuses commencent à envahir un tissu épithélial local et à se diviser, certaines d'entre elles (CSC) ont la 
capacité d'initier une métastase et de subir une EMT pour être considérées comme CTC, 2 : Les CTC qui ont les 
propriétés du CSC entrent dans la circulation sanguine et circulent avec les composants sanguins, certains ont été 
éliminés par des cellules de macrophages (partie du système immunitaire), 3 : Le reste des CTC quitteront le sang 
dans un processus appelé Extravasation, 4 : après leur sortie du sang, les cellules cancéreuses circulantes subissent 
un TEM et commencent à envahir un organe éloigné (en cas de cancer du sein est l'os) formant une tumeur 
secondaire. 
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L'association Mammaglobin A (MGB1) d'un autre membre de la famille de gènes d'utéroglobine 

a d'abord été identifiée par Watson et Fleming en 1996. Le MGB1 consiste en 93 acides aminés 

avec un poids moléculaire de 10,5 kDa. Comme MGB2, les 18 premiers résidus correspondent à 

un peptide signal qui est clivé lors de la sécrétion de la protéine mature de 8,5 kDa. Le MGB2 est 

surtout exprimé dans les tissus muqueux et se trouve à des niveaux élevés dans de nombreuses 

sécrétions, y compris celles des glandes utérines, prostatiques, pulmonaires et lacrymales et 

salivaires. D'autre part, l'expression MGB1 est exclusive à la glande mammaire adulte. On sait 

peu de choses au sujet des fonctions de MGB2 et MGB1, mais il a été rapporté qu'ils ont un rôle 

dans le développement du cancer, la régulation du système immunitaire et les récepteurs de la 

liaison des androgènes. Les deux sont surexprimés dans la plupart des cancers primaires et 

métastatiques du sein. Ils ont tous deux été signalés comme biomarqueurs de CTC chez les 

patients atteints de cancer du sein. Par conséquent, MGB2 et MGB1 sont des biomarqueurs très 

intéressants pour la détection de cancer du sein et de cancer des seins. 

 

Les aptamères sont des éléments de reconnaissance puissants 
 

 

Les aptamères sont des oligonucleotides d'ADN ou d'ARN monocaténaire (~ 15-100 nucleotides), qui 

se lient à leurs cibles avec une affinité et une sélectivité élevées et avec une interaction 

tridimensionnelle unique. Les aptamères peuvent remplacer les anticorps en raison de leurs 

propriétés de reconnaissance similaires. Les aptamères sont synthétisés chimiquement sans les 

problèmes associés à l’utilisation d’animaux pour la génération d'anticorps. En raison de leur stabilité 

chimique et thermique, les aptamères peuvent être utilisés dans un large éventail de conditions 

expérimentales. Contrairement aux anticorps, ils sont limités à leurs conditions d'hôte et perdent 

rapidement leur structure tertiaire à des températures élevées. Les aptamères sont produits par un 

processus appelé « évolution systématique des ligands par enrichissement exponentie » (SELEX). 

SELEX sont des cycles d’enrichissante répétitif in vitro à partir d'une large bibliothèque aléatoire de 

ssDNA ou d'ARN. Chaque cycle du procédé SELEX est effectué en liant 
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et en éluant à partir de molécules cibles qui aboutissent à un aptamateur avec une grande affinité 

et une spécificité pour la cible. 

 
 

Une large gamme de molécules pourrait être la cible dans le processus SELEX pour développer 

un aptamère contre eux. En partant d'un ion et en finissant par des cellules de mammifères 

entières. Cell-SELEX est un outil puissant pour identifier de nouveaux biomarqueurs. La 

procédure Cell-SELEX est semblable à celle générale, mais elle diffère dans l'étape de séparation 

dans laquelle le lavage ou la centrifugation est utilisé pour séparer les séquences liées des non-

liées et le chauffage est généralement utilisé pour l'isolement du complexe de cellules 

aptamères-cibles (figure 2). 

 

Les cellules ont de nombreux récepteurs à leur surface. Par conséquent, le développement 

d'aptamères pour des cibles inactives est une chance élevée. Le SELEX hybride est une cellule 

modifiée SELEX où la banque aléatoire alterne entre la forme purifiée de la protéine et les 

cellules. Mais dans ce cas, la cible devrait être identifiée avant le début du processus SELEX. Le 

SELEX hybride conduit à un enrichissement plus élevé des aptamères contre la cible d'intérêt à la 

surface de la cellule contrairement au SELEX de cellules entières, car la banque d'ADN se 

transforme en la forme purifiée de la protéine. De plus, les aptamères résultant du SELEX hybride 

sont plus spécifiques à la lignée cellulaire tumorale par rapport au contrôle qu'un des aptamères 

développés par des cellules entières comme cible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

201 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 : Cell-SELEX, Cell-SELEX commence par l'incubation d'une certaine cellule cible avec une banque d'ADN 
aléatoire, cette étape est une sélection positive. Ensuite, les séquences de faible liant et non-liées sont éliminées 
par lavage et les restes sont élués hors des cellules par ébullition. Pour éliminer toute liaison des séquences à des 
cellules similaires, une étape de comptage sélectif se déroule pour les séquences éluées. Les séquences non 
consolidées des cellules comptabilisés sont amplifiées par PCR et le cycle se répète. La bibliothèque finale est 
séquencée pour identifier les candidats des aptamères soit par clonage traditionnel, soit par séquençage à haut 
débit. PCR: réaction en chaîne par polymérase. 
 
 
 
 
 
 
 
 

 

THz radiation 
 

 

Le rayonnement Terahertz (THz) également connu sous le nom d'ondes THz se situe entre les 

régions infrarouges et hyperfréquences du spectre électromagnétique (figure 3). Les THz 

présentent des caractéristiques uniques qui lui permettent d'être un domaine potentiel de 

recherche en physique, chimie, biologie, sciences des matériaux et médecine. Puisque le 
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rayonnement THz a une longue longueur d'onde (300 μm), il peut pénétrer une grande variété 

de matériaux non conducteurs, par exemple Les vêtements, le papier, le carton, le bois et le 

plastique. Pour cette raison, le rayonnement THz est utilisé à des fins de sécurité dans les 

aéroports et pour la détection d'armes. Ce type de rayonnement THz appelé passif ou incohérent. 

Le rayonnement de THz a une énergie de photon relativement faible qui est insuffisante pour 

causer des dommages chimiques aux tissus et à l'ADN. Certaines fréquences du rayonnement de 

THz peuvent pénétrer plusieurs millimètres de tissu à faible teneur en eau (par exemple, tissu 

adipeux). THz peut être utilisé pour différencier différents matériaux ou même des isomères 

puisque l'énergie des transitions rotatives et vibratoires des molécules se situe dans la région de 

THz et les vibrations intermoléculaires telles que les liaisons hydrogène présentent différentes 

caractéristiques spectrales dans la région de THz. Les ondes de THz peuvent offrir un meilleur 

contraste pour les tissus mous que les rayons X en raison du fait que le rayonnement THz est très 

sensible aux substances polaires, comme l'eau et l'état d'hydratation. Le type de THz utilisé dans 

l'imagerie s'appelle actif ou cohérent. 

 

La microscopie chimique Terahertz comme outil de détection du cancer du sein  
 

 

La microscopie chimique Terahertz (TCM) a une résolution spatiale plus élevée que les systèmes 

d'imagerie THz standard car la résolution spatiale n'est pas déterminée par la longueur d'onde de 

l'impulsion THz mais par celle du laser femtoseconde, qui est généralement d'environ 790 nm. TCM 

se compose d'une plaque de détection de films minces de dioxyde de silicium (SiO2) et de silicium 

(Si) sur un substrat en saphir (figure 4). Lorsqu'une impulsion laser femtoseconde frappe la plaque de 

détection, elle accélère les porteurs de charge libres de Si et ces porteurs commencent à se déplacer 

entre Si et SiO2 (la couche de déplétion). Par conséquent, le potentiel chimique à la surface de la 

plaque de détection changera, ce qui entraînera une variation de l'amplitude de l’impulsion THz 

générée. Le TCM peut être utilisé dans des analyses immunitaires sans étiquettes. De cette manière, 

le TCM mesure le changement de potentiel chimique sur la surface de la plaque de détection en 

raison de la liaison entre l'antigène et l'anticorps. L'intensité du THz augmente lors de l'interaction de 

l'anticorps et de son antigène. Par conséquent, le TCM pourrait être utilisé pour mesurer la liaison 

entre un ligand et sa cible. 
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À cet égard, les aptamères sont potentiellement utilisables avec la technologie TCM comme une 

sonde au lieu d'anticorps pour tester l'interaction entre les aptamères et leurs cibles. De plus, les 

aptamères pourraient être testés pour la liaison aux cellules cancéreuses à la surface des plaques 

de détection. Le TCM pourrait donc être utilisée dans la détection de cellules cancéreuses et ceci 

est réalisé dans le cadre de ce projet de recherche pour la première fois. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3: spectre THz et les applications potentielles du rayonnement THz. Le rayonnement THz se 

situe entre le micro-ondes et les régions infrarouges du spectre électromagnétique. Les fréquences 

THz s’étalent de 100 GHz à 10 THz sur le spectre électromagnétique, ce qui équivaut une longueur 

d'onde de 30 mm à 3000 mm ou à un nombre d'onde de 3,33 cm-1 à 333 cm-1. Le THz a plusieurs 

applications incluant l'imagerie sur les tissus biologiques, les protéines et les acides nucléiques. 
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Figure 4 : A, Diagramme schématique de la plaque de détection du microscope chimique terahertz (THz). Un laser 
femtoseconde se concentre sur le film mince en silicium (Si) du côté substrat de la plaque et une impulsion THz 
rayonne dans l'espace libre. B, photographie du prototype du système TCM. 
 
 
 
 
 
 
 
 
 
 
 
 

Objectifs de thèse 
 

 

1 Sélection de nouveaux aptamères contre les biomarqueurs mammaires (mammaglobine B et 

mammaglobine A) 

 
 

2 Caractérisation des candidats aptamères et détermination de leurs spécificités pour les 

meilleurs 
 

 

A B 
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3 Test du potentiel des aptamères ayant une affinité la plus élevée pour détecter les cellules 

cancéreuses dans les échantillons de sang et de plasma et dans le mélange de cellules (cellules 

cancéreuses à pointes) 

 

4 Vérifier les cibles des aptamères à la surface de la cellule et en solution 
 

 

5 Test de la liaison des aptamères de haute affinité à leurs lignées cellulaires à l'aide de la 

technologie TCM. 

 
 

 

2. Conception expérimentale 
 

 

SELEX hybride et séquençage à haut débit (HTP) 
 

 

Dans cette étude, les aptamères MGB2 et MGB1 ont été développés en utilisant l'approche 

hybride SELEX. La banque de ssDNA marquée en fluorescéine était altérée entre les formes 

recombinantes des deux cibles et des cellules MCF7 comme cible pour MGB2 et MDA-MB-415 

comme cible pour MGB1. Les lignées cellulaires MCF10A et HCAEC ont été utilisées comme lignes 

cellulaires de contre sélection (Figure 5). 

 

Après un total de 30 cycles pour MGB2 et 13 cycles pour MGB1, plusieurs rondes SELEX ont été 

envoyées pour un séquençage à haut débit pour identifier les séquences de tous les aptamères 

dans ces rondes. Une analyse de bioinformatique a été effectuée pour sélectionner les candidats 

aptamères. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



 

206 
 

 
 
 
 

 
 
 

 
 

 
 

 
 

 
 
 

 
 
 
 
 

 
 
 
 
 
 
 

Figure 5 : diagramme schématique de la méthode SELEX hybride pour la sélection des aptamères d'ADN 

spécifiques à MGB2 et MGB1. Le SELEX croisé dans notre expérience a été divisé en A, une protéine SELEX et 

B, une SELEX à base de cellules. D'abord, une GST-MGB2, des protéines GST-MGB1 ont été utilisées pour 

sélectionner contre une bibliothèque de ssDNA aléatoire. Après 21 cycles de sélection, le pool enrichi des deux 

protéines a été transféré pour être utilisé dans la cellule SELEX dans laquelle HCAEC et MCF10A ont été utilisés 

comme lignes de sélection de contre-sélection. MCF7 a été utilisé comme ligne de sélection positive pour 

MGB2 et MDA-MB-415 a été utilisé comme ligne de sélection positive pour MGB1. Après 7 cycles de sélection, 

les pools finaux pour les deux cibles ont été transférés à la protéine pendant encore 2 tours supplémentaires 

pour rendre la bibliothèque plus spécifique au MGB2 et au MGB1. 
 
 
 
 

 

Détermination de l'affinité et de la sélectivité des aptamères sélectionnés 
 

 

Les aptamères sélectionnés ont été testés comme suit: Tout d'abord, l'affinité de tous les aptamères 

sélectionnés a été testée contre leurs lignes cellulaires positives et opposées. Deuxièmement, les 

aptamères qui ont montré une affinité élevée à leurs lignées cellulaires cibles comparées aux opposés 

ont été testés pour déterminer leur affinité (constante de dissociation (Kd)) à MCF7 dans le cas de 
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MGB2 et MDA-MB-415 dans le cas de MGB1. Troisièmement, les aptamères qui présentaient une 

affinité maximale (valeurs kd les plus faibles) ont été testés pour 
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leur sélectivité en testant leur affinité à d'autres cellules normales et cancéreuses. La cytométrie de 

flux a été utilisée comme outil d'analyse dans tous les tests effectués ci-dessus, où les cellules ont été 

fixées dans du formaldéhyde et incubées avec chaque aptamère sélectionné (marqué par 

fluorescéine) dans un tampon de liaison (PBS et MgCl2 5 mM) pendant 30 minutes à 4 ° C. Ensuite, 

les cellules-aptamères étaient prêts à être analysées. Dans le cas de la détermination de kd, les 

cellules ont été incubées avec différentes concentrations de l'aptamère (0 nM-200 nM). 

 

Des tests supplémentaires dans le lysat de plasma et du sang total 
 

 

Les aptamères qui présentaient une affinité et une sélectivité élevées contre leurs lignées 

cellulaires cibles ont encore été testés pour leur liaison dans le plasma et le lysat sanguin entier. 

Différentes concentrations des aptamères candidats pour les deux ont été utilisées et un nombre 

différent de cellules. Le schéma 1 explique la conception de cette partie. 
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Schéma 1. Diagramme schématique de la conception expérimentale des études plasmatiques et sanguines. A. Lysat sanguin 

entier et conception expérimentale du plasma: MCF7 et MDA-MB-415 ont été utilisés comme cellules témoins de cancer du sein, 

les cellules PBMC ont été utilisées comme témoins (non cancéreuses), les cellules cibles ont été incubées avec leurs aptamères 

(MCF7 avec MAMB1 Et MDA-MB-415 avec MAMA2). Les cellules PBMC ont été incubées avec les mêmes aptamères. Les densités 

cellulaires 1X104 et 1X103 ont été utilisées pour chaque cellule cible avec leur aptamère ainsi que des cellules PMBC. Ensuite, 

ils ont été analysés par cytométrie en flux. Des concentrations différentes des aptamères ont été utilisées. 200 nM, 100 nM et 

50 nM ont été utilisés dans des expériences de lysat de sang total. 200 nM, 50 nM et 25 nM ont été utilisés dans les expériences 

plasmatiques. B. Expériences d'épissage du lysat sanguin entier: les cellules de cancer du sein MCF7 ont été incubées à différents 

pourcentages avec des cellules de PBMC dans le sang à un nombre total de cellules 1X104 à 200 nM de MAMB1. La même 

procédure a été appliquée aux cellules MDA-MB-415 avec leur aptamère (MAMA2). Ensuite, les deux ont été soumis à une 

analyse de cytométrie en flux. 

 
 
 
 

 

Aptamer se liant aux cellules cancéreuses du sein en utilisant TCM 
 

 

Les meilleurs aptamers d'affinité (MAMB1, MAMA2) ont été testés pour se lier à leurs cellules 

cancéreuses cibles en utilisant la technologie TCM. En bref, les aptamères ont été immobilisés 

sur la surface de la puce de plaquette après modification, comme indiqué dans le schéma 2. 

Ensuite, la numérisation TCM a été effectuée pour les deux aptamères et des images 

différentielles ont été créées. 
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Schéma 2: Procédé d'immobilisation de la silanisation et des aptamères (MAMB1 et MAMA2) sur la surface de la puce. 
 
A: l'hydroxylation de la surface a lieu en incubant la plaquette avec du NaOH, puis on ajoute de l'agent APTES amino-

silane pour créer une surface à terminaison amino (B). La formation de liaison amide s'effectue par addition de SA 

suivie d'une liaison croisée EDC / NHS pour l'activation du groupe carboxylique afin de mesurer la formation de la 

liaison covalente entre l'amine sur l'extrémité 3 'de l'ADN et le groupe carboxylique sur la surface de la plaquette (C, 

D, E). 
 
 
 

 

3. Résultats 
 

 

SELEX hybride et séquençage à haut débit 
 

 

Les bibliothèques ssDNA ont été surveillées pour s'assurer que la liaison aux cibles (protéines et 

cellules) augmente, l'enrichissement de l'aptamère augmente également, comparé aux 

contrôles. Le SELEX se termine lorsque l'enrichissement des bibliothèques d'ADN atteint le 

maximum. Après avoir envoyé les bibliothèques à HTP MGB2 et les aptamères MGB1 ont été 

sélectionnés en fonction de leur enrichissement. Douze séquences ont été sélectionnées pour 

MGB2 et huit pour MGB1 (tableau 1). 
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Nom / Séquence aptamère (5'-3 ') Enrichissement de 
grappe 5 '20 bases avant amorce (N 25 ou 24) 20 bases Positif / Ccontraire 

 amorce inverse '3   
    

MAMB0 CATGCTTACCTATAGTGAACCCCAACACACGTGTAGA 241.990 175.373 
 TCCTGCGGCTTTGAGAACTGACTCATAC   
    

MAMB1 CATGCTTACCTATAGTGAACCCAACGTCGAACTGAATC 122.649 123.569 
 CCGTGTCCTTTGAGAACTGACTCATAC   
    

MAMB4 CATGCTTACCTATAGTGAACGCGGCATGTTGGCATCTT 11.636 11.079 
 GGTCCTGCTTTGAGAACTGACTCATAC   
    

MAMB6 CATGCTTACCTATAGTGAACCCACACGATATGGCGCTA 143.579 96.389 
 CACCGTGCTTTGAGAACTGACTCATAC   
    

MAMB8 CATGCTTACCTATAGTGAACCACGACACGCGCGATCG 60.063 51.133 
 TCTCACTGCTTTGAGAACTGACTCATAC   
    

MAMB12 CATGCTTACCTATAGTGAACCCACCACACAGCGGATAC 920.639 680.997 
 ACCATGGCTTTGAGAACTGACTCATAC   
    

MAMB19 CATGCTTACCTATAGTGAACCCACCACGATCGATCGTA 157.224 121.557 
 CCACGTCCTTTGAGAACTGACTCATAC   
    

MAMB21 CATGCTTACCTATAGTGAACCGTGGCGTGATGGACGT 68.241 40.644 
 GGGGATGGCTTTGAGAACTGACTCATAC   
    

MAMB29 CATGCTTACCTATAGTGAACCCCCAACGACACCGGATT 100.34 83.660 
 GCCCTTGCTTTGAGAACTGACTCATAC   
    

MAMB50 CATGCTTACCTATAGTGAACCCCGTAGCGATGACCGAT 162.864 125.615 
 CGATGTGCTTTGAGAACTGACTCATAC   
    

MAMB57 CATGCTTACCTATAGTGAACCCGAAGAGGATGTGCGG 80.200 61.521 
 TCCCATTGCTTTGAGAACTGACTCATAC   
    

MAMB198 CATGCTTACCTATAGTGAACCCGGGGGATGTGGACAG 305.155 182.854 
 AACGTGCGCTTTGAGAACTGACTCATAC   
    

MAMA1 CATGCTTACCTATAGTGAACGCGGCATGTTGGCATCTT 25.80 15.93 
 GGTCCTCTTTGAGAACTGACTCATAC   
    

MAMA2 CATGCTTACCTATAGTGAACCCGGGACAGAACGTGCG 5836.12 5277.48 
 CTTTGAGCTTTGAGAACTGACTCATAC   
    

MAMA4 CATGCTTACCTATAGTGAACGCGGCATGTTGGCCATCT 1833.64 690.30 
 TGGTCCCTTTGAGAACTGACTCATAC   
    

MAMA5 CATGCTTACCTATAGTGAACGGTTGGCATCTTGGTCCT 1666.05 236.97 
 GCTTTGCTTTGAGAACTGACTCATAC   
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MAMA6 CATGCTTACCTATAGTGAACTGTTGGCATCTTGGTCCT 1242.12 191.94 
 GCTTTGCTTTGAGAACTGACTCATAC   
    

MAMA7 CATGCTTACCTATAGTGAACGCGCATCTTGGTCCTGCT 1084.41 180.49 
 TTGAGACTTTGAGAACTGACTCATAC   
    

MAMA12 CATGCTTACCTATAGTGAACGTTGGCATCTTGGTCCTG 1409.74 242.50 
 CTTTGACTTTGAGAACTGACTCATAC   
    

MAMA13 CATGCTTACCTATAGTGAACGCGGCATGCATCTTGGTC 1330.87 286.83 
 CTGCTTCTTTGAGAACTGACTCATAC   
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Détermination de l'affinité et de la sélectivité des aptamères sélectionnés 
 

 

Les résultats du dépistage ont montré des résultats prometteurs avec une plus grande affinité de 

liaison pour les lignées cellulaires de sélection positive que les contre-sélection pour les deux 

cibles. Dans le cas de MGB2, six aptamères sur douze ont montré des résultats prometteurs 

(MAMB0, MAMB1, MAMB4, MAMB8, MAMB12 et MAMB57) et quatre sur huit pour MGB1 

(MAMA2, MAMA5, MAMA6 et MAMA12 (figures 6A et 6B). Le tableau 2 présente les valeurs de 

kd pour ces aptamères. MAMB1, MAMB12, MAMA2 et MAMA2 ont été testés pour leur 

sélectivité. Les résultats ont montré que tous ces aptamères ne présentent pas de réelles affinité 

avec des cellules cancéreuses normal ou d’autre type (figures 7A et 7B). 
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Figure 6: Résultats de dépistage des candidats aptamères en focntion des lignées cellulaires SELEX. A : 

Les résultats de dépistage des aptamères MGB2 montrent six aptamères sur douze (MAMB0, MAMB1, 

MAMB4, MAMB8, MAMB12, MAMB57) avec une intensité de fluorescence plus élevée dans les lignées 

cellulaires de sélection positive que celles de sélection opposée. B : Les résultats de dépistage des 

aptamères MGB1 montrent une liaison forte non spécifique à la lignée cellulaire MCF10A. Cependant, 

certains aptamères montrent moins de liaison non spécifique (MAMA2, MAMA5, MAMA6 et 

MAMA12). Des aptamères prometteurs ont été choisis pour d'autres études. Les expériences ont été 

répétées deux fois. Les barres d'erreur représentent le S.E.M de deux essais. 
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Tableau 2: séquences aptamères des cibles MGB2 et MGB1 et leurs valeurs kd correspondantes. A: les 
sites d'amorces sont soulignés 
 

 

Aptamer          Séquence aptamer (5'-3 ') Kd (nM) 
                    

MAMB0  CATGCTTACCTATAGTGAACCCCAACACACGTGTAGATCCT 80.0 ± 14.65 
                       

  GCGGCTTTGAGAACTGACTCATAC  
                    

MAMB1  CATGCTTACCTATAGTGAACCCAACGTCGAACTGAATCCCG 13.74 ± 3.74 
                    

  TGTCCTTTGAGAACTGACTCATAC  
                 

MAMB4  CATGCTTACCTATAGTGAACGCGGCATGTTGGCATCTTGGTC 105.23 ± 
                   

  CTGCTTTGAGAACTGACTCATAC 20.32 
                

MAMB8  CATGCTTACCTATAGTGAACCACGACACGCGCGATCGTCTC 78.0 ± 15.35 
  ACTGCTTTGAGAACTGACTCATAC  
              

MAMB12  CATGCTTACCTATAGTGAACCCACCACACAGCGGATACACC 19.93 ± 5.80 
               

  ATGGCTTTGAGAACTGACTCATAC  
            

MAMB57  CATGCTTACCTATAGTGAACCCGAAGAGGATGTGCGGTCCC 72.0 ± 9.00 
             

  ATTGCTTTGAGAACTGACTCATAC  
          

MAMA2  CATGCTTACCTATAGTGAACCCGGGACAGAACGTGCGCTTT 3.17 ± 1.41 
           

  GAGCTTTGAGAACTGACTCATAC  
        

MAMA5  CATGCTTACCTATAGTGAACGGTTGGCATCTTGGTCCTGCTT 54.90 ±13.57 
         

  TGCTTTGAGAACTGACTCATAC  
        

MAMA6  CATGCTTACCTATAGTGAACTGTTGGCATCTTGGTCCTGCTT 49.68 ± 20.36 
       

  TGCTTTGAGAACTGACTCATAC  
      

MAMA12  CATGCTTACCTATAGTGAACGTTGGCATCTTGGTCCTGCTTT 8.23 ± 3.27 
       

  GACTTTGAGAACTGACTCATAC  
                       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

217 
 

 
 

 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7: Spécificité des aptamères MGB2 (A) et MGB1 (B) sur différentes lignes de 
cellules. Les lignes cellulaires utilisées sont MCF7 et MDA-MB-415, en tant que lignes 
cellulaires cibles pour MGB2 et MGB1 respectivement. WI38 est une cellule de 
fibroblastes de poumon normale, HEK 293 est une cellule de rein embryonnaire 
humain transformée, HeLa est une cellule de cancer du col de l'utérus, HepG2 est une 
cellule de cancer du foie et le MDA-MB-231 est utilisé pour tester la liaison des 
aptamères MGB2 et MGB1. Les barres d'erreur représentent le S.E.M. De trois essais. 
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Résultats du lysat de plasma et du sang total 
 

 

La capacité de MAMB1 et MAMA2 à se lier à leurs cellules de cancer du sein cibles dans le plasma 

et le lysat de sang complet a été étudiée. Les résultats globaux ont montré que les deux 

aptamères se lient spécifiquement à leurs cellules cancéreuses cibles par rapport aux cellules 

témoins à différentes concentrations des aptamères et de différentes densités cellulaires 

(cellules 1X104 et 1X103). Cependant, MAMB1 a tendance à se lier plus spécifiquement que 

MAMA2 comme le montrent les valeurs de l'intensité de fluorescence pour les deux aptamères. 

 

Les deux aptamères ont été testés pour leur liaison dans le lysat de sang complet contenant 

des cellules sanguines normales et des cellules de cancer du sein à pointes en différents 

pourcentages (0%, 0.01%, 0.1%, 1%, 5%, 10%, 50% et 100%). . Les résultats ont montré que les 

deux aptamères pouvaient reconnaître leurs cellules cibles à partir d'un mélange de cellules dans 

le lysat. Le pourcentage de cellules positives identifiées a augmenté avec l'augmentation des 

pourcentages de cellules tamponnées pour les deux aptamères (figure 8). 
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Figure 8 : Analyse cytométrique de flux de la reconnaissance des cellules cancéreuses du sein dans des échantillons 
de lyses de sang entier spiked par des aptamères MAMB1 et MAMA2 marqués par 6-FAM. A : Un graphique du 
pourcentage de cellules positives (MCF7) spiked (axe X) par rapport au pourcentage de cellules positives identifiées 
(axe Y). B : Un graphique du pourcentage de cellules positives (MDA-MB-415) pointu (axe X) par rapport au 
pourcentage de cellules positives identifiées (axe Y). MCF7 et MDA-MB-415 ont été additionnés de lysat de sang 
total contenant des PBMC en différents pourcentages (0%, 0.01%, 0.1%, 1%, 5%, 10%, 50% et 100%) et lus par 
cytométrie en flux. 
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Liaison MAMB1 et MAMA2 aux cellules cancéreuses du sein utilisant une MTC 
 

 

MAMB1 et MAMA2 ont montré une grande affinité pour leurs cellules de cancer du sein (MCF7 

et MDA-MB-415 respectivement) par rapport aux cellules de contrôle (MCF10A) en utilisant le 

TCM (Figure 9 et Figure 10). En outre, les deux aptamères pourraient reconnaître aussi peu que 

10 cellules cancéreuses comme le montrent les valeurs de l'amplitude THz (Figure 11). 

Cependant, MAMB1 est plus sélectif pour ses cellules de cancer du sein cible MCF7 que MAMA2 

à MDA-MB-415. 
 
 

A: Buffer B: MCF7 (cancer cells) C: MCF10A (control cells) 
 

 
 
 
 
 
 
 
 
 

 

D: MCF10A- Buffer E: MCF7- Buffer 
  F: MCF7 – MCF10A 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 9: Mappage d'amplitude crête de l’impulsion THz pour A : tampon seul, B : MCF10A (cellules de contrôle 

normales), C : cellules MCf7 (cellules de cancer du sein), D, E, F: images différentielles après soustraction des cellules 

tampon et témoins. Les images ont été créées à l'aide du logiciel Origin. 
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Figure 10: Mappage d'amplitude crête de l’impulsion THz pour A : tampon seu,l B : MCF10A (cellules de contrôle 

normales), C: cellules MDA-MB415 (cellules de cancer du sein), D, E, F: images différentielles après soustraction des 

cellules tampon et témoins. Les images ont été créées à l'aide du logiciel Origin 
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Figure 11: Mappage de l'amplitude du pic THz de différents nombres de cellules cancéreuses à la surface des plaques 

de détection. A-B : courbe de THz amplitude (mV) contre différents nombres de cellules cancéreuses MCF7 (A) et 

de cellules cancéreuses MDA-MB-415 (cellules 10, 1X102, 1X103, 1X104). Pour calculer l'amplitude THz (mV), une 

zone moyenne de 7 mm a été créée à la fois sur l'axe X et sur l'axe des Y. Les images ont été créées à l'aide du logiciel 

Origin 
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4.  Discussion 
 

 

Dans cette étude, MAMB1 et MAMA2, deux aptamères contre les protéines MGB2 et MGB1, 

respectivement, ont été sélectionnés avec succès. Les deux aptamères ont montré une affinité 

élevée à leurs lignées de cancer du sein cible MCF7 et MDA-MB-415 respectivement comme 

indiquées par leurs valeurs de kd (tableau 2). En outre, les deux aptamères ne présentaient 

aucune affinité aux lignées de cellules cancéreuses normales ou autres, ce qui indique une 

sélectivité élevée pour leurs cellules cancéreuses cérébrales (Figure 7). Les tests supplémentaires 

des aptamères dans le plasma et le lysat sanguin complet ont montré une spécificité élevée de 

l'aptamère à leurs cellules cibles par rapport aux cellules normales (témoins). Afin de simuler 

l'environnement de CTC, chaque cellule de cancer du sein MCF7 et MDA-MB-415 a été enrichie 

avec des pourcentages différents dans le sang contenant des cellules sanguines normales et les 

deux aptamères ont été testés pour leur liaison aux cellules cancéreuses du sein. Les résultats 

ont montré une augmentation de l'intensité de fluorescence des cellules détectées en 

augmentant le pourcentage de cellules poinçonnées pour les deux aptamères. La MAMA2 a 

montré moins d'affinité avec ses cellules cibles du cancer du sein comparées à MAMA2 indiquant 

que MAMA2 pourrait nécessiter certaines modifications (chimiquement) pour améliorer son 

affinité de liaison. La même tendance des résultats a été observée lorsque le TCM a été utilisée 

pour tester la liaison des deux aptamères à leurs cellules cibles. MAMA2 a montré moins de 

sélectivité et d'affinité pour MDA-MB415. Il se pourrait que MAMA2 fonctionne mieux en dehors 

des environnements en solution. 

 

5.  Conclusion et perspectives futures 
 

Les aptamères pour la mammaglobine B et la mammaglobine A ont été sélectionnés pour la première 

fois dans cette étude. Les deux aptamères ont montré un grand potentiel d’utilisation pour leur 

liaison aux cellules cancéreuses du sein dans un mélange de cellules dans le lysat du sang complet. 

En outre, ils ont montré une liaison aux cellules de cancer du sein en utilisant la technologie TCM qui 

a été appliquée ici pour la première fois. Cependant, des investigation supplémentaires sont 

nécessaires, comme la limite de détection des deux aptamères par rapport 
 

à la liaison aux cellules cancéreuses du sein dans le lysat du sang entier. En outre, étudier la 
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stabilité des deux aptamères dans le sang serait très avantageux si ces aptamères étaient utilisés 

dans le diagnostic de cancer du sein ou de CTC. En plus de cela en utilisant les deux aptamères 

dans un essai immunohistochimique comme un test pour détecter l'origine du cancer, en 

particulier pour la cible MGB2, comme étant seulement surexprimé dans le tissu mammaire. 

D'autres travaux pourraient également être réalisés en utilisant le TCM. Par exemple, d'autres 

cancers et des cellules normales pourraient être utilisées pour déterminer la spécificité des deux 

aptamères. Une modification des deux aptamères pour améliorer leur affinité de liaison est très 

avantageuse. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


