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ABSTRACT 

Cancer biomarkers play a crucial role in the development of diagnostics tools for cancer 

detection. Carcinoembryonic antigen (CEA) is a well-known cancer biomarker that is a cell 

surface glycoprotein, critical in fetal development. Its expression in adult healthy cells is 

highly associated with colorectal carcinoma and metastasis. Colorectal cancer (bowel cancer 

or colon cancer) is the third death causing type of cancer, both worldwide and in Kazakhstan. 

Therefore, there is an urgent need to develop diagnostic assays where aptamers can be 

employed. Aptamers are artificial recognition agents that have advantages over antibodies 

because of smaller size, simpler to synthesize and incorporation of modifications, and higher 

stability allowing high selectivity during detection. Previously, single stranded DNA 

(ssDNA) aptamers against CEA were selected by SELEX method (Systematic Evolution of 

Ligands by Exponential enrichment). As a result of twelve SELEX cycles, six aptamer 

candidates were selected from a pool of ssDNA library with a central 40 nt random region.  

Predicted secondary structures of selected six aptamers showed similarities in structure 

between some of them as well as distinct structures. In this study, aptamers against CEA were 

evaluated based on the binding of the ssDNA aptamers against CEA using ELONA.  

Obtained results show that the selected aptamers showed a solid specificity and sensitivity 

values comparing to the non-target proteins (IL-6 and HSA) as well as controls. Future work 

will be concentrated on the SPR protocol optimization to improve the data regarding affinity. 

In the case of low signal, aptamers could be modified easily with self-assembled monolayers 

(SAMs), such as HS groups or magnetic/gold nanoparticles or any other fluorescent reporting 

molecules. These could be further used in the application of characterized aptamers in the 

electrochemical impedance spectroscopy (EIS) based aptasensor for the detection of cancer 

biomarkers. In addition, CEA aptamers on CEA spiked human serum samples will be tested 

in order to observe how a protein rich medium can affect the detection of the target.  
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 1 INTRODUCTION  

Nowadays, cancer is defined as a driving cause of death worldwide and the most significant 

barrier to increasing life expectancy in each nation (Bray et al., 2018). In 2018, 18.1 million 

new cases and 9.6 million deaths were recorded globally (Who.int, 2020), and an increase up 

to 3,093 million cases is expected by 2040 (Who.int, 2020). Lung, breast, and colon cancers 

are the most three widespread types in terms of incidence and are within the highest five in 

terms of mortality (Who.int, 2020). In Kazakhstan, there were 33,949 new cases registered in 

2018 (Gco.iarc.fr, 2020), where lung, breast, stomach, and colon cancers are the most 

common ones (Gco.iarc.fr, 2020). Colon cancer is the third most common worldwide, being 

the third and second most commonly diagnosed both in males and females, respectively 

(Favoriti et al., 2016). The worldwide burden of colorectal cancer (CRC) is anticipated to 

increase by 60% to 2.2 million new cases and 1.1 million deaths by 2030 (Arnold et al., 

2017). Colon cancer is known as a ―silent disease‖ which usually starts as noncancerous 

growths, known as polyps, and numerous patients do not complaint until the disease 

is troublesome to remedy (Vatandoost et al., 2015). Diagnosis of the disease at its early stages 

with high sensitivity and specificity is one of the fundamental necessities for colon cancer 

screening (Salehi et al., 2012). As of now, medicine offers several screening techniques for 

colon cancer detection, including fecal occult blood testing (FOBT), flexible sigmoidoscopy, 

and colonoscopy (Itzkowitz et al., 2008; Franz et al., 2013). These methods have long been 

rooted in the world medical practice. However, fear of invasive procedures and abhorrence to 

bowel preparations present serious barriers to CRC screening (Young & Womeldorph, 2013). 

Colonoscopy is known as a gold-standard procedure, but its function can be limited by 

invasiveness and its high cost (Berg & Soreide, 2011; Carmona et al., 2013). Other limitations 

of the colonoscopy technique are bleeding, the chance of colonic perforation, and 

erroneousness in the detection of small adenomas (Young & Womeldorph, 2013). The 

disadvantage of FOBT is a low sensitivity and specificity towards small polyps (Bretthauer, 

2011). For these reasons, minimum invasive and most importantly fast and accurate 

diagnostic methods for cancer detection need to be developed (Vatandoost et al., 2015). 

Serum biomarkers in this sense are non-invasive screening strategies for the detection of CRC 

(Vatandoost et al., 2015). Biomarkers are quantifiable characteristics of biological processes 

that are estimated as signs of different pathogenic processes or pharmacological responses to 

therapeutic approaches that can be eventually measured (Strimbu & Tavel, 2010). Nucleic 

acid-based biomarkers such as gene mutations or polymorphisms and quantitative gene 
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 expression analysis, peptides, proteins, and other small molecules can be used as non-

imaging biomarkers, which enable them to be measured in biological samples (Huss, 2015). 

Different types of biomarkers can be used for a specific purpose, for example, disease 

prognosis biomarkers (cancer biomarkers), biomarkers for monitoring the clinical response to 

intervention and staging of disease biomarkers (Kroll, 2008). 

Serum biomarkers can direct numerous neglected needs in CRC screening, like high 

sensitivity, safeness, availability, convenience, and cost of the procedures (Creeden et al., 

2011). New technologies allow the detection of tumour markers in blood or other body fluids. 

Critical pathways in the human organisms, such as cell growth, apoptosis and inflammation 

include proteins that can be used as biomarkers for colon cancer detection (Creeden et al., 

2011). Carcinoembryonic antigen (CEA) is a biomarker as of now acknowledged for the 

detection of CRC in patients (Compton et al., 2000). CEA is hence broadly used as a marker 

of epithelial malignancies, particularly for colon tumours (Ilantzis et al., 2002). 

Nowadays, modern medical technologies have established devices known as biosensors. 

These devices catch the biological signal and translate it into a measurable electrical signal 

(Ali et al., 2017). Biosensors can distinguish certain tumor biomarkers by way of measuring 

the level of some proteins highly expressed by tumors (Bohunicky & Mousa, 2011). The 

device establishes a few focal points: firstly, it is specific due to the immobilized system used 

in it; secondly, rapid and continuous control is possible; thirdly, response time is short (Koyun 

et al., 2012). Indeed, the fact that the complexity and differing qualities of cancer have 

postured numerous challenges within the clinical field, biosensor technological know-how can 

grant rapid and accurate results, whilst maintaining its cost-effectiveness (Bohunicky & 

Mousa, 2011). 

This study reports findings on the characterization of the previously selected aptamers against 

CEA and their further application in the development of an electrochemical impedance 

aptasensor for the rapid detection of the CEA biomarker. Among different types of 

biosensors, an electrochemical biosensor offers significant advantages, being easily 

miniaturized, portable, low cost, and simple-to-operate (Grieshaber et al., 2008). A biosensor, 

where aptamers are used as bio-recognition molecules is known as an aptasensor. In this study, 

characterization of ssDNA aptamers against CEA was carried out using an Enzyme-Linked 

Oligonucleotide Assay (ELONA) and a Surface Plasmon Resonance (SPR) technique. RNA 

nature aptamers permit single-shot measurements, whereas ssDNA ones are excellent for 

designing reusable aptasensors (Sassolas et al., 2009). Artificial affinity reagents based on 

oligonucleotides – aptamers have progressively been used as diagnostic tools and can be 
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 easily obtained by the in vitro or in vivo selection procedure, named as the systematic 

evolution of ligands by exponential enrichment (SELEX). Being 10-100 smaller than 

antibodies, aptamers offer a great opportunity to place a significantly larger number of them 

on the surface of an aptasensor in a smaller area (Debnath et al., 2010). It increases the 

effectiveness of the detection of various biomarker proteins using a significantly smaller 

amount of diagnosed fluid, such as, for example, blood serum. Because of exclusive three-

dimensional conformation, aptamers can attach to any biological molecules, which creates the 

basis for the development of effective diagnostic tools (Yang et al., 2011). Due to implicit 

capacity of all nucleic acids to denature and re-nature, aptasensors can be used more than 

once, repeatedly, without loss of its sensitivity (Feng et al., 2011; Ocana et al., 2012).  

It becomes clear that we need to improve diagnostic assays, where aptamers can be employed. 

Optimization of the assay and characterisation of the sensitivity of CEA aptamer were carried 

out, which will allow further use of selected aptamer in the development of an 

electrochemical impedance aptasensor resulting in an abundant contribution to the field of 

biosensors for the detection of CRC serum biomarkers. 

1.1 Carcinoembryonic antigen (CEA) 

An antigen that was discovered for the first time both in fetal colon and colon 

adenocarcinoma in 1965 by Gold and Freedman is now known as the carcinoembryonic 

antigen (CEA) (Gold & Freedman, 1965). Since the protein was found only in the tumor and 

embryonic tissues, it was termed as the carcinoembryonic antigen (Duffy, 2001). A 

radioimmune test for measuring serum CEA concentration was proposed four years after the 

discovery of protein by Thomson et al. (1969). When researchers concluded that the CEA 

level in blood was around corresponding to the size of the tumour, efforts were made to show 

that it can be used for the colon cancer detection and other tumours of the gastrointestinal 

tract (Jessup & Thomas, 1989). However, a consequent work revealed that CEA is also 

produced in healthy tissues (Clifford et al., 1989). CEA is overexpressed in numerous 

gastrointestinal cancers, such as colorectal (Ning et al., 2018), esophageal (Yi et al., 2009), 

gastric (Feng et al., 2017), pancreatic (Imaoka et al., 2016), hepatocellular (Edoo et al., 2019) 

and gallbladder (Wen et al., 2017) carcinomas, breast (Wang et al., 2017) cancer, lung 

(Rakhra et al., 2017) cancer, the female reproductive tract cancer (ovarian, cervical and 

endometrial carcinomas) (Guo et al., 2017), and prostate cancer (Ordònez, 2003). The most 

important reason why CEA is an effective biomarker for colon cancer and other malignancies, 
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 possibly because it has a reasonably confined expression in healthy tissues, it is a stable 

molecule and it appears in excessive levels in malignancies (Hammarström, 1999). 

CEA encoding gene is presently classified as a part of the immunoglobulin supergene family 

(Thompson et al., 1991) and includes 29 genes, being clustered on chromosome 19q (Duffy, 

2001).  

 

Figure 1. CEA excretion pathways in normal and cancer colon. (A). In the normal colon 

polarized columnar epithelial cells express exclusively CEA on the apical surface and release 

it into the colon lumen (CL). CEA has no access to blood capillaries (BC). (B). In colon 

cancer, epithelial cells encountering ‗blind‘ tumor gland lumens (TGL) are partially polarized 

and release CEA into the lumens. Adopted from Hammarström, 1999.  

 

Analysis of the liver metastasis revealed that CEA has a molecular weight of 180-200 kDa 

and it is a glycoprotein containing approximately 60% carbohydrates (Thomas et al., 1990). 

CEA might act as an adhesion molecule, equally to both ICAM-1 and ICAM-2, because of 

structural similarities to certain immunoglobulin-related proteins (Duffy, 2001) and, thus, 

mediates homotypic cell aggregation (Benchimol et al., 1989). In healthy human colon, CEA 

is localized on the apical surface of mature enterocytes, and the majority of it is produced in 

the colon (Figure 1A) (Hammarström, 1999). CEA normally disappears with feces, hence, 

only a low level of it is seen in healthy individuals (Hammarström, 1999). In the case of CRC, 

tumor cells which usually lost polarity and do not have the basal lamina, begin uncontrolled 

multiplication and as a result, CEA is collected on the cell surface (Figure 1B) 

(Hammarström, 1999).  Normal ranges of CEA levels in healthy people are up to 2.5 ng/mL 

and 5 ng/mL for nonsmokers and smokers, respectively (Tothill, 2009). CEA can be found in 

columnar epithelial cells and goblet cells in the colon (Hammarstrom, 1997), in mucous neck 

cells (Hammarstrom, 1997) and pyloric mucous cells (Vetter et al., 2015) in the stomach, in 

squamous epithelial cells of the tongue, esophagus and cervix, in secretory epithelia and duct 
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 cells of sweat glands and epithelial cells of the prostate (Lamerz et al., 1992; Hammarström 

et al., 1997).  

Additional evidence has shown that enforced CEA overexpression is related to anoikis, which 

is a form of apoptosis induced by detachment from cell-matrix, and, thus, reinforces a process 

of metastasis (Yan et al., 2016). The liver is the main site of metastasis (Wu et al., 2010); 

hence, prognostic data may also be provided by CEA in patients whose liver metastasis is 

developing, and following curative resection for colorectal cancer (Duffy, 2001). CEA levels 

should return to a normal range within 4-6 weeks after the successful surgical elimination of 

colon cancer (Filella et al., 1994). Permanent measurement and monitoring of circulating 

CEA level are valuable in patient's condition diagnosis and prognosis due to its drug 

resistance, strong correlation with cancer progression and metastasis (Lee, 2017). However, 

provided data do not indicate whether CEA can be associated with metastasis, since serum 

CEA could be related to other factors, as a differentiation state, which may define whether 

CRCs will metastasize (Jessup & Thomas, 1989). Jessup and Thomas (1989) demonstrated in 

their study that CEA strengthens the metastatic potential of two weak metastatic CRCs in the 

nude mouse, nevertheless, it did not make a non-metastatic CRC metastatic either a highly 

metastatic CRC more aggressive. Further, since microscopic metastases are localized in the 

organs which eliminate CEA from the blood, the elevations of serum CEA may happen in 

patients without clinically obvious metastases (Thomas et al., 1975; Toth et al., 1989).  

1.2 Aptamers  

Long-time, nucleic acids (NAs) were considered only as chemical compounds whose 

principal functions are the storage of hereditary material (DNA), also the transfer of this 

information from gene to a protein product (RNA). A significant contribution to the 

confirmation of nucleic acids' multi-functionality (Ferreira & Missailidis, 2007) has been the 

discovery of oligonucleotides, which specifically are capable of catching various target 

molecules (Ni et al., 2017). Now, these oligonucleotides are known as aptamers. Aptamers are 

RNA or single-stranded DNA (ssDNA) nature molecules that can bind to any target with high 

affinity and specificity by folding into a three-dimensional structure (Nezlin, 2016). The 

target molecules can be either complex protein structures or simple inorganic molecules and 

even intact cells (Lakhin et al., 2013). The reason for high affinity and specificity (Ikebukuro 

et al., 2004) of synthetic oligonucleotides to various target molecules is their three-

dimensional structure (Figure 2) (Darmostuk et al., 2015).  
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Figure 2. A graphical representation of an aptamer – target interaction. Adopted from 

Darmostuk et al., 2015. 

 

Aptamer molecules can be synthesized by in vitro selection or evolution processes (Romero-

López & Berzal-Herranz, 2017). In 1990, the bases of a new in vitro technology for the 

identification of RNA molecules, which are able to specifically bind to a target was described 

by two independent research groups (Ellington & Szostak, 1990). The principals of the in 

vitro selection process were established by Tuerk and Gold and then was called SELEX 

(Systematic Evolution of Ligands by Exponential enrichment) (Tuerk & Gold, 1990).  

The SELEX method principally contains three steps: selection, partitioning, and amplification 

(Zhuo et al., 2017). A library of synthetic molecules consists of up to 60 oligonucleotides in a 

random area, flanked by short invariable regions, usually used to anneal primers during the 

PCR (Darmostuk et al., 2015). A schematic overview of an in vitro aptamer selection using a 

SELEX technique is depicted in Figure 3. Step one allows binding of high-affinity aptamers 

to the target molecules and for these several incubations of a specific target with a library is 

needed; the second step proceeds with the elution of high-affinity from low-affinity binders; 

and the last third step involves amplification of high-affinity candidates by polymerase chain 

reaction (PCR) (Mallikaratchy, 2017). Potential aptamer candidates, which are collected from 

several selection series, consequently, are sequenced and their binding kinetics can be 

assessed by different methods (Darmostuk et al., 2015). It was originally successful to 

establish the SELEX method in developing hundreds of aptamers for usage in diagnostics and 

therapeutics aims (Jayasena, 1999). However, the only one aptamer for neovascular age-

related macular degeneration - Macugen (pegaptanib) has been approved by the FDA (Shima 

et al., 2006).  
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Figure 3. A schematic overview of an in vitro aptamer selection using a SELEX technique.  

In vitro selection starts with the generation of a random ssDNA molecules library. Then target 

ligand is introduced to a library and sequences demonstrate affinity towards the target 

molecule. High-affinity binders are consequently isolated from any unbound sequences. The 

potential aptamer candidates are then collected and amplified by PCR. Multiple rounds are 

completed until the library converges on to a collection of sequences with high affinity for the 

target molecule.  

 

 Ellington and Szostak coined the term aptamer to define the selected molecules by the 

application of this method (Ellington & Szostak, 1990). The term aptamer was coined by 

Ellington and Szostak and it defines the selected molecules by the application of this 

technique (Ellington & Szostak, 1990). For their mode of action, aptamers are also called 

chemical antibodies (Cerchia, 2018); however, unlike antibodies, they exhibit several 

advantages: aptamers are stable molecules; aptamers production is comparatively cheap; 

aptamers can be regenerated, without damage to the specificity and they are smaller in size 

(~3 nm) than antibodies (10–15 nm) (Que-Gewirth & Sullenger, 2007). Despite these 

benefits, the fact that the composition of nucleic acid-based aptamers (ssDNA, RNA) is 

receptive to nuclease-mediated cleavage, and the polyamide backbone of peptide aptamers is 

subjected to protease directed degradations, hence the lack of stability of aptamers in biofluids 

severely disrupt their practical application (Wang et al., 2011). In order to overcome this 

problem, conjugation with different functional groups such as biotin or fluorophores, without 

loss of their specific activity, can be used to modify aptamers (Nezlin, 2016). The use of 

aptamers instead of antibodies in ELISA procedures not only simplifies detection of a protein 

but also provides much greater sensitivity (Lakhin et al., 2013).   

Aptamers can be widely used as bio-recognition elements in the development of the 

aptasensors (Meirinho et al, 2017). The size of aptamers (10 - 100 times smaller than 

antibodies) makes it possible to place a significantly larger number of them on the surface of 
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 an aptasensor in a smaller area (Lakhin et al., 2013). It increases the effectiveness of the 

detection of various biomarker proteins using significantly less diagnosed fluid, for example, 

blood serum. In addition, aptasensors can be used more than once, but repeatedly, without 

loss of sensitivity, due to the denaturation inherent in all nucleic acids and renaturation (Feng 

et al., 2011; Ocana et al., 2012). Several conducted studies have shown that sensitivity of an 

aptasensors can be improved by the way of chemical modification of aptamers. For example, 

in the study conducted by Sassolas et. al. (2009), catalytic labels, metal nanoparticles (NP) 

such as Pt NPs (Polsky et al., 2006) or Au NPs (Wang et al., 2009) were used for signal 

amplification in the fabrication of the amperometric aptasensors for the detection of thrombin. 

Thus, the sensitivity of an aptasensor could be increased by the presence of nanoparticles on 

the electrode surface to produce a signal enhancement (Lohndorf et al., 2005; Li et al., 2008). 

The use of aptamers in diagnostics has significantly fewer restrictions than in therapy. Taking 

into account all the advantages of aptamers, we can say that they will soon take a worthy 

place both in the tool kit of a modern scientist and among therapeutic and diagnostic drugs. 

 

no.  Sequence Sensitivity/Specificity  Methods and results in brief Reference  

 

 

 

1 

many aptamers: 

CEA8, CEA59, 

CEA56-1 , CEA54, 

CEA65, CEA57-1 , 

CEA57-2, CEA42-2, 

CEA47, and CEA 49 

n/a ELONA - binding specificity to CEA 

EMSA – confirm specific binding to CEA 

SPR – the affinity of CEA aptamers 

Flow cytometry - binding to CEA+ and 

CEA- cells using Cy5 labelled aptamers 

Disclosed are novel aptamers to TNFα and 

CEA, and their use in a variety of 

therapeutic and diagnostic methods and 

uses. 

Gariepy et 

al., 2013  

 

2 a.TACCAGCTTATT

CAATT (original Left 

primer) 

b.AGGGGGTGAAG

GGATACCC (G rich 

motif) 

n/a SELEX – aptamer selection 

PCR – amplification 

FP - test the affinity of several 

oligonucleotide sequences to CEA 

Disclosed herein are aptamers that 

comprise a nucleic acid sequence that has 

a specific affinity for a target.  

Smith CL, 

2013 

 

3 not given (3 aptamers) n/a SELEX – aptamer selection CI -

investigation of cell bound with aptamer,  

PCR - cloning and sequencing 

Three aptamers were selected to binding 

assay with target cells. These aptamers 

were confirmed to have affinity and 

specific binding for T84 cell line (target 

cell), showed by confocal imaging.  

Correa et 

al., 2011   
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4 not given n/a SELEX – aptamer selection 

Ligand mediated target recognition - 

recognition and binding of polyclonal 

oligobodies against purified protein 

Western blot – recognition and binding of 

polyclonal oligobodies against native 

protein 

The CEA-specific aptamer which can bind 

both the purified and native protein with 

the high specificity was obtained 

Wang et 

al., 2007  

5 a.TCCCGCATCCTC

CGCCGTGCCGACC

C 

b.CCCCAGGAAGA

ACCTACTCACTG 

n/a Flow cytometry -binding specificity of 

aptamers 

xCELLigence RTCA SP label-free -ability 

of aptamers to inhibit CEA-dependent 

cellular adhesion 

ELISA- identify aptamers capable of 

inhibiting homotypic interactions 

The results highlight the effectiveness of 

targeting the cell adhesion properties of 

cancer cells with aptamers in 

preventing tumor implantation. 

Orava et 

al., 2013  

 

6 not given n/a SELEX – aptamer selection 

SPR - specificity and affinity of the 

aptamer for CEA protein 

Using SELEX, RNA aptamer that bound 

to the PELPK sequence in CEA with high 

affinity and specificity was identified. The 

isolated aptamer bound specifically to 

CEA-positive cells and inhibited 

interactions between CEA 

and heterogeneous nuclear 

ribonucleoprotein M4. 

Lee et al., 

2012 

7 not given n/a SELEX – aptamer selection 

TLC- radiochemical purity and stability of 

aptamers 

Radiolabeled aptamer Apt3-amine showed 

the highest affinity to T84 cells. When 

evaluated with HeLa cells (CEA−), lower 

uptake was observed, suggesting high 

specificity for this aptamer. These results 

suggest that the Apt3-amine aptamer 

directly labeled with 99mTc could be 

considered a promising agent capable of 

identifying the carcinoembryonic antigen 

(CEA) present in tumor cells. 

Correa et 

al., 2014 

8 5′-SH-

ATACCAGCTTATT

CAATT-3′ 

The resulting 

aptasensor, best 

operated at a voltage as 

low as 0.18 V vs. 

Ag/AgCl, is highly 

sensitive and has a 

wide linear range that 

extends from 

0.1 pg·mL−1 to 

10 ng·mL−1 of CEA.  

TEM-  image of the synthesized GNRs 

CV - electrochemical measurements 

ELISA - serum samples investigation 

To enhance sensitivity, gold nanorods 

(GNRs) were selected as a support for the 

immobilization of aptamers. The 

aptasensor was applied to the 

determination of the cancer biomarker 

CEA in a sandwich format.  

Si et al., 

2017 
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9 not given n/a RNAComposer web server - bioinformatic 

analysis of reported ssDNA aptamer 

sequences 

Impedance electrochemical spectroscopy - 

electrochemical measurements 

ZDOCK - selection of aptamer among the 

created library 

Based on ZDOCK scores, the interaction 

domain of CEA, and steric hindrance due 

to glycosylation, two aptamer sequences 

(G3S1.5 and G2S2.2) were selected. The 

result showed that the interaction ability of 

selected aptamers was about 13.5 fold 

higher than the control. It can be 

concluded that the selected aptamers have 

good potential for detection of 

carcinoembryonic antigen biomarker. 

Yarizadeh 

et al., 2019 

10 5′-SH-

ATACCAGCTTATT

CAATTTTTTTTTTG

TCCGTGCTAGAAG

GAAACAGT-TAC-3′ 

Wider linear range was 

obtained for the 

determination of CEA 

(from 0.5 pg mL−1 to 

1 ng mL−1) with a 

detection limit as low 

as 0.1 pg mL−1. 

RCA - signal amplification 

Cyclic Voltammetry - electrochemical 

testing 

The practical applicability of the method 

was studied by analyzing CEA in human 

serum samples. 

Jiang et al., 

2017 

11 RNA aptamers 

a. 5′-GCG GAA GCG 

UGC UGG GCU 

AGA AUA AUA 

AUA and 

b. 5′-GCG GAA 

GCG UGC UGG 

GCU AGG GCG 

GCG GCG GGA 

AAA 

CCA GUA CUU 

UCG U-3′ 

AGA AAA CCA 

GUA CUU UCG U-3 

n/a SELEX – aptamer selection 

PCR - cloning and sequencing 

Animal study - tumor volumes 

measurements  

BCA assay -total protein concentration 

measurements 

Immunoprecipitation–immunoblot assay - 

bound proteins elution 

CEA-specific aptamer improved 5-FU 

sensitivity in chemoresistant colon cancer 

cells in vitro and in vivo, and thus 

represents a novel 5-FU adjuvant to 

overcome the chemoresistance in CRC 

patients. 

Lee JH & 

Lee S-W, 

2019 

12 ATACCAGCTTATT

CAATT 

n/a Fluorescence Microscopy - detect the 

binding of DNA aptamers to CEA 

Aptamers bind specifically to CEA on the 

surface of cancerous cell line: MCF7 

(human breast adenocarcinoma) by 

fluorescence microscopy. CEA specific 

DNA aptamer does not bind to the surface 

of a CEA negative cell line: 

COLO320DM (human colon 

adenocarcinoma). 

Tabar GH 

& Smith C, 

2010 

13 5‘-NH2-ATA CCA 

GCT TAT TCA ATT-

3‘ 

n/a Preparation of dsDNA Immobilized MBs 

Amplification Reaction 

MCE-LIF Procedure 

Aptamer-based MCE assays for 

amplification detection of 

carcinoembryonic antigen (CEA) in 

human serum were described. 

Zhao S, 

2019 
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14 not  given n/a Recent progress and challenges in aptamer 

and SELEX technology are presented and 

highlighted some representative 

applications of aptamers in cancer therapy  

 

Hori et al., 

2018 

15 a. 5′–NH2–

ATACCAGCTTATT

CAATT–3′                                       

b. 5′–NH2–

CCCATAGGGAAGT

G GGGGA–3′ 

Under optimized 

conditions, the assay 

has a linear response in 

the 10.0 fg mL−1 to 

200.0 ng mL−1 CEA 

concentration range 

and a lower detection 

limit of 3.2 fg mL−1. 

Preparation of the graphene oxide (GO) 

and nitrogen–doped graphene (NG) 

Synthesis of the graphene quantum dots 

(GQDs) 

Preparation of the sandwich–type 

electrochemical aptasensor. The 

quantitative determination of CEA was 

achieved by differential pulse 

voltammetry, best at a working potential 

of around −0.27 V vs. Ag/AgCl.  

 

Shekari et 

al., 2019 

16 CGA TAC CAG CTT 

ATT CAA TTC CTC 

AGC GCT GGT ATC 

G 

The newly developed 

method achieved a 

wide linear range of 

10 fg/mL to 10 ng/mL 

with low detection 

limit of  3.5 fg/mL. 

Preparation of gold nanoparticles 

Preparation of Fe3O4Au 

Preparation of carboxyl functionalized 

RuSiO2 nanocomposites 

ECL detection of target CEA 

Taking advantages of the magnetic 

Fe3O4@Au NPs for carring abundant 

signal probes, sensing target and ECL 

detection, the developed ECL strategy is 

convenient, rapid and displayed high 

sensitivity for CEA detection, which has 

great potential for analyzing the clinical 

samples in practical disease diagnosis 

applications. 

Jie et al., 

2018 

Table 1. A list of published aptamer sequences against CEA. 

1.4 Enzyme Linked Oligonucleotide Assay  

An Enzyme-Linked Immunosorbent Assay (ELISA) was developed in 1971 as a replacement 

for the radioimmunoassay (RIA) and since then has been in use as a basic research tool of 

biochemistry, medicine, and immunology the (Gan & Patel, 2013).  ELISA is a plate-based 

assay and it works on the principle of antigen-antibody interactions in combination with 

photometric visualization of the binding (Stoltenburg et al., 2016). Application of aptamers in 

ELISA presented an ELISA-derived assay named as an Enzyme-Linked Apta-sorbent Assay 

(ELASA) or Enzyme-Linked Oligonucleotide Assay (ELONA) (Toh et al., 2015). In this 

assay, an aptamer immobilization on the solid support surface is the major criterion, which 

enables efficient capture of the target molecule (Toh et al., 2015). The immobilization 

procedure can be facilitated by an aptamer functionalization with a terminal functional group 

such as amine or biotin (Balamurugan et al., 2006). Immobilization of the DNA probe on the 

microtitre plates surface is the most extended strategy in the interaction of biotinylated probes 

with streptavidin (or avidin)-coated surfaces (Landgraf et al., 1991; Lazaro et al., 1993; 
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 Kostyu et al., 1993; Sanchez et al., 2010) because this type of surface retains the biological 

activity of the immobilized molecule better than direct passive adsorption. Moreover, the high 

biotin-streptavidin affinity constant which is (  ~     M) a robust system as compared with 

direct passive adsorption (Välimaa & Laurikainen, 2006). To accomplish flexibility between 

the aptamer and functional group, an oligonucleotide spacer is added to the terminal 

functional groups (Toh et al., 2015). As thymidine has a lower probability of non-specific 

binding to different immobilization surfaces, the spacer commonly is from a thymidine 

nucleotides string (Kimura-Suda et al., 2003). As a result, target protein binding and the 

dissociation constant can be increased and improved by these spacers (Liss et al., 2002; 

Balamurugan et al., 2006; Centi et al., 2007). In this study, ELONA was performed for the 

characterization purposes of selected aptamers against CEA. CEA was immobilized onto the 

surface of the platform followed by blocking with bovine serum albumin (BSA) with the next 

addition of biotinylated aptamers and streptavidin-conjugated horseradish peroxidase (sHRP) 

(Toh et al., 2015).  

1.5 Surface Plasmon Resonance (SPR) 

Surface plasmon resonance (SPR) was firstly introduced in the early 1990s, it has been proven 

to be considerably powerful technology in determining affinity, specificity and kinetics 

parameters during the macromolecules binding in many types of bonds, including protein-

DNA (Majka et al., 2007; The et al., 2007), protein-protein (Kim et al., 2006; Madeira et al., 

2011), enzyme-substrate (Geitmann et al., 2004; Fong et al., 2002), and receptor-drug 

(Nguyen et al., 2015) interactions. The technology of SPR is a real-time, high-throughput, and 

also label-free platform which characterizes both the kinetic properties and affinity of a 

selected aptamer and its target (Zhuo et al., 2017). The evanescent wave may excite the 

surface plasmon, and that is why the name of this phenomenon is known as "surface plasmon 

resonance" (SPR) (Tang & Zeng, 2010). Generally, either aptamer or target is initially 

immobilized onto an electrode surface, then a variety of non-tethered analyte concentrations 

are flowed through (Zhuo et al., 2017). SPR based instruments monitor changes happening on 

certain surfaces of a metal sensor, such as copper, silver, or gold in an optical way (Abadian 

et al., 2014). Surface plasmons on a metallic film can be excited by photons at particular 

conditions, transforming a photon into a surface plasmon and it depends on the refractive 

index of the adsorbate (Markey, 1999). Commonly, a glass prism presented in all SPR 

instruments couples the polarized light into the sensor which is coated with a thin gold layer 
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 (Figure 4) (Brogioni & Berti, 2014). Ligand immobilization and binding events occur on the 

metal layer with a flow channel, where reactants flow in a buffer (Brogioni & Berti, 2014). 

SPR angle changes if binding occurs and it is monitored in real-time by detecting changes in 

the intensity of the reflected light, which is recorded in a sensorgram (Figure 4) (Pattnaik, 

2005). Resonance units (RU) are used to record the refractive index variations (Brogioni & 

Berti, 2014). For the majority of proteins, 1 RU equals to 1 pg      concentration on the 

electrode surface (Stenberg et al., 1991). In the case of a biosensor, the molecule immobilized 

onto the sensor surface is called a ligand, and the molecule injected over the coated surface in 

a continuous flow is called an analyte (Brogioni & Berti, 2014).  

 

 

Figure 4. A schematic configuration of an SPR detector. The polarized light is coupled by a glass 

prism on the biosensor gold layer chip surface integrated with a flow channel for continuous flow 

of buffer. At a certain incidence angle, the SPR phenomenon is seen as a dip in the intensity of the 

reflected light. The shift of the reflection angle from position 1 to position 2 determines a change in 

the structure of the medium near the gold film as a result of the binding event between the ligand 

and the analyte molecules. This angular variation is recorded in resonance units (RU) and 

plotted versus time in a sensorgram. Adopted from the Bruker Corporation. 

 

In the sensorgram depicted below (Figure 5), after a stable baseline is reached, a positive 

response can be viewed during the sample injection, since an analyte binds to a ligand (GE 

Healthcare). During the dissociation phase, the response decreases, and after completion of an 

analysis cycle, regeneration solution passes over the sensor surface to clean from the bound 

analyte and also preparing for the next cycle (Figure 5) (GE Healthcare).  
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Figure 5. Surface chemistry with corresponding changes in an SPR sensorgram. The changes 

in the optical waves are determined on the surface. Association and dissociation kinetics 

during biomolecular interactions are shown. Start and end of the injection, sample response is 

shown with arrows. Adopted from Gopinath (2010).  

 

Biacore is one of SPR instruments that allows to observe affinity and kinetics interaction 

studies between proteins and even small analytes (< 1000 Da) with high sensitivity and 

further data analysis with a special software (Jason-Moller et al., 2006). There are two ways 

on how to increase the sensitivity of an SPR instrument: first is to reduce the noise, second is 

to increase the signal (Tanaka et al., 2009). A variety of methods have been developed to 

increase the sensitivity of SPR to enable researchers to detect analytes even at enormously 

low concentrations (Springer et al., 2014). Such methods use antibodies labelled with 

enzymes (Kim et al., 2005; Cao et al., 2007), secondary and tertiary antibodies (Chung et al., 

2006; Su et al., 2008) and metallic NPs. Particularly, AuNPs with diameters division from 5 

to 40 nm have been extensively used to reinforce the SPR response (Springer et al., 2014). 

The nanoparticle-enhanced surface plasmon resonance (SPR) was used in the method 

described by Kim et al. (2010) to detect immunoglobulin E (IgE) proteins, which could 

potentially be useful is the allergic diseases diagnosing. Two various approaches that are 

based on the surface formed sandwich complexes with biofunctionalized Au-NPs to improve 

the SPR detection signal for an IgE and, then, a comparison of their detection performances 

resulted that both detection schemes were capable to directly measure IgE at femtomolar 

concentrations (Kim et al., 2010). A biotinylated secondary antibody with 20 nm AuNPs 

coated with streptavidin was used in the study of Huang et al. (2005) to improve the limit of 

detection (LOD) for prostate-specific antigen. These research data show that the sensitivity 

and specificity of an aptasensor can be significantly improved by means of different NPs.  
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 There are several commercially available SPR instruments that can be used to monitor real-

time interaction between label-free molecules (Nagata & Handa, 2000; Schasfoort & Tudos, 

2008). One of them is Biacore systems which supports scientists to solve the intricacies of 

protein interactions for more than 15 years (Jason-Moller et al., 2006). Biacore SPR 

technology is a Sweden based company created in the 1984 year (Gopinath, 2010). These 

established SPR systems are popular primarily in pharmaceutical development, quality 

control, and basic life science researches (GE Healthcare). Originally, Biacore technology 

was done with monoclonal antibodies to exemplify characteristic functional properties such as 

concentration (Löfas et al., 1991), specificity, affinity, kinetics (Karlsson et al., 1991) and 

epitope mapping (Fägerstam et al., 1990). Nowadays a wide range of label-free sensor 

biomolecules in a real-time fashion with only small amounts of samples (μg or sub-μg) can be 

tested by a Biacore (Berggard et al., 2007). The nature of molecules of interest is not limited, 

which is from organic compounds to proteins, nucleic acids, glycoproteins, and even viruses 

and whole cells can be studied by Biacore systems (GE Healthcare). The main trademark of 

the Biacore‘s SPR biosensors is the ability to analyze kinetic association and dissociation rate 

constants from the real-time measurement of binding interactions, hence, providing valuable 

information about the complex formation and complex stability that cannot be revealed 

through affinity measurements (Jason-Moller et al., 2006). The SPR machine is equipped with 

different types of sensor chips with different surfaces and they are available for the Biacore 

systems (Table 2) to accommodate different biomolecules and surfaces of the electrodes are 

either pre-immobilized with ligands to capture biomolecules or modified by standard 

immobilization techniques (Gopinath, 2010). For example, CM5, CM4, and CM3 chips are 

covered with a hydrogel matrix of flexible, unbranched carboxymethylated dextran covalently 

attached to the surface alkanethiol monolayer, which provides a hydrophilic, solution-like 

environment favorable for the most interactions between proteins or other biomolecules 

(Jason-Moller et al., 2006).  

For the experiments where nucleic acids are coupled with biotin, SA chip from Biacore is 

routinely used (Gopinath et al., 2006; Sekiya et al., 2006). In studies of Gopinath et. al. 

(2010), streptavidin pre-immobilized SA-sensor chip was used and poly (T) linked biotin 

molecules were subsequently were attached to it (Gopinath et al., 2006). They have prepared 

RNA aptamers 24-mer poly (A) nucleotides at the 3'- end which was annealed to the 

complementary biotinylated oligo (dT) [5'-biotin-(T)24-3'] (Figure 6). In this setting, RNA 

aptamers against Haemagglutinin (HA) of influenza A and B were tested (Gopinath et al., 

2006).  
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Chip name Dextran, nm  Modification Application 

CM7 100 100% carboxylation High density CM-dextran- high 

capacity 

CM5 100  100% carboxylation General 

CM4 100  30% carboxylation Cell extracts/serum and membranes 

CM3 30  100% carboxylation Cell extracts/serum and membranes 

C1 none 100% carboxylation Phage binding 

NTA 100  NTA Capturing poly HIS-groups 

HPA none hydrophobic Lipid capturing 

L1 100  lipophilic substances Bilayers to mimic membranes 

SA 100  streptavidin Capturing of biotin 

CAP 100  oligopeptide Oligopeptide mediated capture of 

biotin 

AU none none User defined surface chemistry 

SIA none none Surface interaction analysis in 

material science 

CM-carboxymethylated dextran, NTA-nitrilotriacetic acid, HPA- hydrophobic surface, L1- lipophilic, SA- 

streptavidin, CAP- capture biotinylated analytes, AU- plain gold surface, SIA- Surface Interaction Analysis 

 

Table 2. An overview of available Biacore sensor chips with their corresponding surface 

modifications and potential applications.  Adopted from SPR-Pages.  

 

 
Figure 6. A method of an aptamer attachment onto a biotinylated oligo. Biotin dT(24) and 

poly-A (24) tail hybridization of an aptamer made on a SA chip. Aptamer is synthesized 

against HA of an influenza A. Adopted from Gopinath (2010).  
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 An SPR has made considerable progress in becoming a powerful technology (Brogioni & 

Berti, 2014) and a wide range of biotechnological problems can be solved with the help of 

label-free, fast-response, and sensitive SPR techniques (Silin & Plant, 1997). SPR based 

experiments can significantly improve the biosensor data quality by their accurate design and 

data processing (Brogioni & Berti, 2014).  
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 2 MATERIALS AND METHODS 

2.1 Reagents  
 

Item Use Source 

CEA Target protein Cat. No. C4835, Sigma-Aldrich, 

MO, USA 

Monoclonal Anti-Human IgG1−Biotin 

antibody produced in mouse 

Positive control, 

ELONA 

Cat. No. B6775, Sigma-Aldrich, 

MO, USA 

5‘- aptamer [BtnTg] – 3‘ (aptamer 

sequence 1, 2, 3, and 7) 

ELONA Synthesized by Lumiprobe, 

Moscow, Russia 

5‘- aptamer [BtnTg] – 3‘ (aptamer 

sequence 6) 

ELONA, SPR Synthesized by Sigma-Aldrich 

CEA aptamer 5‘-

TTAACTTATTCGACCATA[BtnTg]-3‘ 

Positive control, 

ELONA 

Adopted from Shu et al., 2013 

synthesized by Sigma-Aldrich 

Human serum albumin (HSA) Non – target 

protein 

Cat. No. SRP6182, Sigma-

Aldrich Co., MO, USA 

Interleukin-6 (IL-6) Non – target 

protein 

Cat. No. SRP3096, Sigma-

Aldrich Co., MO, USA 

96 – well plates ELONA Cat. No. 655061, Greiner bio-

one, Kremsmünster, Austria 

Sodium carbonate (Na2CO3) Coating buffer Cat. No. 497-19-8, Sigma-

Aldrich Co., MO, USA 

Tris buffer saline (TBS) Buffer  In house made: 8.69 g NaCl, 

6.05 g Tris Base, 1 L of sterile 

water 

pH was adjusted to 7.3 - 7.4 

Sodium chloride (NaCl) Buffer component Cat. No. CAS 7647-14-5, Fisher 

Scientific, PA, USA 

Tris base Buffer component Cat. No. BP152, Fisher 

Scientific, PA, USA 

Sterile water Buffer component Cat. No. BP2484, Fisher 

Scientific, PA, USA 

Bovine serum albumin (BSA) Blocking Buffer Cat. No. BPE1600, Fisher 

Scientific,  Loughboroug, UK 

Streptavidin-HRP Enzyme Cat. No. N204, Thermo 

Scientific, MA, USA 

Sensor chips SA SPR Cat. No. BR-1000-32, GE 

Healthcare, Uppsala, Sweden 

Biotin CAPture Kit SPR Cat. No. 28920233, GE 

Healthcare, Uppsala, Sweden 

HBS-EP+ Buffer Cat. No. BR-1008-26, GE 

Healthcare, Uppsala, Sweden 
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Sodium hydroxide (NaOH) Buffer Cat. No. BP359, Fisher 

Scientific, Loughboroug, UK 

Isopropanol Buffer component Cat. No. 383920010, Acros 

Organics, Geel, Belgium 

Table 3. A list of reagents and consumables used in this study.  

2.2 Evaluation of relative binding events (OD450) of ssDNA aptamers against 

CEA using ELONA  

Six aptamers were previously selected against CEA using the SELEX method by Dr. Damira 

Kanayeva‘s research group. For further characterization of CEA aptamers purposes, an 

ELONA was employed, which is based on a ninety-six well plate that was coated with a 500 

ng of CEA in a 100 µL of 100 mM Na2CO3 buffer overnight at 4 ˚C. After overnight 

incubation, the wells were washed 3 times with 1 TBS (pH = 7.36 - 7.4). After an unbound 

CEA was washed away, the wells were blocked with freshly prepared 5% BSA for 1 h at 4 

˚C. The wells were then washed 3 times with TBS. 100 µL of biotinylated aptamer sequences 

(1), (2), (3), (6), and (7) in a concentration of 500 nM diluted in water were added into each 

well and incubated for 2 h at room temperature. After incubation, the wells were washed 3 

times with 1 TBS. Next, streptavidin-horseradish peroxidase (sHRP) was diluted 1:10000 in 

1 TBS, and, then, a 100 µL of this solution was added into each well, and the plate was 

incubated for another 15 min at room temperature. Then, the plate was washed 3 times with 

1 TBS to remove any unbound sHRP. Next, a 100 µL of sterile H2O was applied into each 

well, followed by addition of a 50 µL of TMB in H2O solution (1:1). The addition of TMB 

dilution was performed under dark conditions. The plates were then incubated for 30 min at 

room temperature covered by an aluminum foil.  After incubation, a 50 µL of 1M H2SO4 was 

added into each well to stop the reaction. The optical density (OD) value was measured at 450 

nm by a spectrophotometer (Figure 7) (BioTek Instruments, USA). The results were analyzed 

by Gen5 2.0 data analysis software. The experiment was conducted in three technical 

replicates. 



 20 

 

 

Figure 7. A schematic overview of ELONA: (A) a ninety-six well plate coated with a 500 ng 

of CEA target protein; (B) a binding event of the biotin-labelled aptamer sequence (6) with 

CEA, sHRP and followed by TMB; (C) an OD value measurement at 450 nm of an aptamer 

(6) – CEA binding event with a spectrophotometer. 

 

In this study, there were two positive controls, one was a 500 nM biotinylated CEA aptamer 

sequence, 5‘-TTAACTTATTCGACCATA[BtnTg]-3‘, obtained from Shu et. al. (2013), and a 

30 ng/ml monoclonal anti-human IgG1-biotin was used as the second positive control. H2O 

was used as the background, and a well with the CEA but without any aptamer was used as a 

negative control. H2O and CEA with no aptamer were used as background controls.  All OD 

values were subtracted from the background. First, a screening of relative binding events of 

all six CEA aptamer sequences using ELONA was done. Next, an aptamer with the highest 

OD450nm value, aptamer sequence (6), was further evaluated using ELONA in a concentration 

range of 0, 62.5, 125, 250, 500, 750 and 1000 nM to the target CEA and non-target proteins 

IL-6 and HSA at a concentration of 500 ng/mL. 

2.3 Surface Plasmon Resonance experiments for target validation 

BIAcore X100 SPR instrument (GE Healthcare, Austria, Vienna) equipped with SA (Figure 

S1) and CAP (Figure 8) sensor chips from Biotin CAPture Kit (GE Healthcare, Austria, 

Vienna) was used to determine the affinity of the ssDNA aptamer sequence to CEA protein in 

kinetics studies. Following procedure was used for SPR experiments adopted from Fechter et 

al. (2019) and Biotin CAPture Kit Instructions (GE Healthcare) with slight modifications. All 

experiments were conducted at 25°C with a flow rate of 10 ml/min, unless specified 

differently. CEA (2.5, 5, 10, 20, 40 ug/mL) samples were diluted in HBS-EP+ buffer (0.01 M 

HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20). Aptamer (6) (1µM) 
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 was diluted in SELEX buffer (50 mM Tris-HCl; 25 mM NaCl; 5 mM      ). Flow cell 

1(Fc-1) was used as a control and Fc-2 was used as an active cell, where 3‘- biotinylated 

aptamer sequence (6) was immobilized.  

 
Figure 8. A schematic overview of a CAP functionalized gold surface used in the SPR for the 

affinity binding characteristics of the aptamer (6) against CEA. The Biotin CAPture Reagent 

composed of streptavidin conjugated with an oligonucleotide was hybridized to a 

complementary sequence immobilized on the sensor chip. Biotinylated aptamer sequence (6) 

against CEA was captured to the Biotin CAPture Reagent. CEA was used as a target analyte. 

The interactions between CEA and captured aptamer was explored. The functionalized 

surface was then regenerated and was reused with the new Biotin CAPture Reagent in the 

next round.  

 

Biacore X100 was first cleaned with desorb (removes adsorbed proteins from the 

autosampler) before docking the sensor chip. After docking the CAP sensor chip into the 

instrument, it was left on a stab by mode with the running buffer HBS-EP+ (0.01 M HEPES 

pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20) overnight. The CAP surface 

was conditioned after that with three 60 s injections of a regeneration solution (3 parts of 

regeneration stock 1 solution (8 M guanidine-HCl) and 1 part of regeneration stock 2 solution 

(1 M NaOH)) when the chip was docked for the first time with the flow rate 10 uL/min and 

contact time 120 s. The surface functionalization of the CAP chip was initiated when Biotin 

CAPture Reagent with streptavidin (SA) conjugated oligonucleotides was hybridized to the 

complementary sequence immobilized on a sensor chip at a 2 uL/min flow rate and contact 

time 300 s. After successful hybridization of Biotin CAPture Reagent with streptavidin (SA) 

conjugated oligonucleotides onto the complementary sequence immobilized on a sensor chip, 

response level should reach 2,500-5,000 RU. Prior to the injection of 5‘-aptamer (6)-[BtnTg]-

3‘, it was denatured at 95ºC for 3 min followed by an incubation on ice for 4 min. 5‘-aptamer 
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 (6)-[BtnTg]-3‘was introduced onto the functionalized  CAP surface chip at a flow rate 10 

uL/min for 300 s in the Fc-2. A reference cell (Fc-1) without an aptamer was blocked with 1 

M ethanolamine-HCl (pH 8.5) for 600 s, which did not require regeneration after 

ethanolamine-HCl blocking. Fc-2 active flow well was blocked with a 10 mM of biotin for 5 

min at a flow rate 10 uL/min with no regeneration after blocking.  Target CEA in different 

concentrations (2.5, 5, 10, 20, 40 ug/ml) was injected over the aptamer functionalized CAP 

sensor chip surface, and the affinity binding was monitored for 300 s followed by washing 

with running buffer at a flow rate of 10 uL/min. Dissociation time was 600 s. The surface was 

subsequently regenerated with 6 M guanidine hydrochloride in 0.25 M NaOH at a flow rate of 

10uL/min for 120s. The evaluation of obtained results was done using BiaEvaluation software 

(Biacore) by 1:1 [Langmuir] fitting model. 

 

 

2.4 Data analysis  

 
All statistical analyses were performed by Microsoft Excel 2010 and GraphPad Prism 8 

(GraphPad Software, San Diego, California). Differences of OD across aptamers were tested 

by two-tailed t-test, ANOVA and Kruskal - Wallis test. An SPR analysis was performed using 

the BiaEvaluation software (Biacore Software, Uppsala, Sweden) in 1:1 [Langmuir] fitting 

model. Data were expressed as mean ± standard deviation. The values P < 0.05 were 

considered statistically significant. 
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 3 HYPOTHESIS AND AIMS OF THE THESIS  

Following is the hypothesis of the thesis:  

The hypothesis of the thesis is whether ssDNA aptamers will have a high affinity and 

specificity to CEA which will be addressed by the following aims: 

 

1. Evaluation of relative binding events (OD450) of ssDNA aptamers against CEA using 

ELONA; 

2. To determine a binding affinity of the most sensitive aptamer to the target CEA and 

non-target proteins; 

3. The use of surface plasmon resonance experiments for target validation.  
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 4 RESULTS 

4.1 Evaluation of the binding event of ssDNA aptamers and CEA using 

ELONA 

Previously, the research group of Dr. Damira Kanayeva selected six CEA aptamer sequences 

as a result of the twelve SELEX cycles. In this study, these aptamer sequences were screened 

using ELONA that could be observed on Figure 9. A commercially available highly purified 

CEA (stock concentration 1.0 mg/ml) was used as the target. The wells were coated with 

protein overnight using a coating buffer – sodium carbonate, followed by an immobilization 

of aptamer sequences in a 500 nM concentration. There were two positive controls, where a 

known biotinylated CEA aptamer sequence 5‘-TTAACTTATTCGACCATA[BtnTg]-3‘ (Shu 

et al., 2013) was used as the first positive control, and a 30 ng/mL monoclonal anti-human 

IgG1-biotin was used as the second positive control since it is the most common type of 

antibody found in human‘s blood circulation. Screening of relative binding events of 

biotinylated aptamer sequences (1)-(4), (6)-(7) against the target CEA using ELONA was 

conducted (Figure 9).   

 

 
Figure 9. Screening of relative binding events of biotinylated aptamers against the target 

CEA using ELONA. A CEA aptamer (Shu et al., 2013) was used as the first positive control, 

a 30 ng/mL monoclonal anti-human IgG1-biotin was used as the second positive control, and 

a well with CEA but without any aptamer was used as a negative control.     was used as a 

background. All OD values were subtracted from the background. All data are shown as the 

means of ±SEMs (n=3). 
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 As it can be seen from Figure 9 screened aptamer sequences had a better binding affinity 

towards the target CEA than Control 1 (+), the CEA aptamer sequence obtained from Shu et 

al. (2013). Among six screened sequences, aptamer sequence (6) showed the highest OD 

value (OD450= 0.245), this means the higher affinity to the target molecule – CEA. On the 

contrary aptamer sequence (7) showed the lowest binding affinity with OD450 = 0.038. 

Kruskal-Wallis test was performed to see whether there was a statistically significant 

difference in the distribution of OD across categories of screened aptamers  Results gave a p-

value = 0.01, which is acceptable to conclude that there was a statistically significant 

difference in the distribution of OD values among six tested aptamers.     was used as a 

background, and all OD values were subtracted from the background. This experiment was 

conducted in three technical replicates.  

 

 

4.2 Binding affinity of the most sensitive aptamer to the target CEA and 

non-target proteins, a specificity study 

Aptamer sequence (6) was chosen for further assessment since it showed the highest binding 

to the target CEA.  A concentration dependent analysis of aptamer sequence (6) (Figure 10) 

revealed an increase in absorbance signal (OD450) form concentration ranging from 0 nM up 

to 1,000 nM. Obtained concentration dependent results were compared to two positive 

controls. A CEA aptamer sequence (500 nM) (Shu et al., 2013) was used as the first positive 

control, a 30 ng/mL monoclonal anti-human IgG1-biotin was used as the second positive 

control, and a well with the CEA but without any aptamer was used as a negative control. A 

two-tailed t-test was performed in GraphPad Prism 8 to find statistically significant difference 

between aptamer (6) in 500 nM and Cntrl (+) 1 in 500 nM, which was aptamer sequence 

adopted from Shu et al. (2013). The results showed that aptamer (6) worked better than Cntrl 

(+) 1, since p-value was 0.007.     was used as a background. All OD values were 

subtracted from the background. The experiment was conducted in six technical replicates.  



 26 

 

 
Figure 10. A screening of the relative binding events of the biotinylated aptamer sequence (6) 

to the target CEA using ELONA. A 500 nM CEA aptamer sequence (Shu et al., 2013) was 

used as the first positive control, a 30 ng/mL monoclonal anti-human IgG1-biotin was used as 

the second positive control, and a well with the CEA but without any aptamer was used as a 

negative control.     was used as a background. All OD values were subtracted from the 

background. All data are shown as the means of ±SEMs (n=6). 

 

In order to see a relationship between CEA and six different aptamer (6) concentrations, linear 

regression model was built, which is depicted in Figure 11. The coefficient of determination 

(  ) for aptamer sequence (6) was 0.9508, which indicates that 95% of OD values fit the 

model. The regression equation for aptamer sequence (6) was y = 0,1416ln(x) - 0,5161, where 

x is the aptamer sequence (6) concentration and y is the OD value. Kd of aptamer (6) was also 

evaluated by measuring the absorbance at 450 nm. GraphPad Prism 8 was used to perform a 

nonlinear curve fitting analysis for the Kd calculation according to the equation Y = Bmax 

×X/(Kd + X), where Bmax is the maximal binding, and Kd is the concentration of ligand 

required to reach half-maximal binding.  The aptamer (6) showed Kd values in the nanomolar 

range that equals to 91.96 nM (10.93 to 418.6 nM (95% CI)). The experiment was conducted 

in three technical replicates.  
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Figure 11. Binding of the aptamer sequence (6) in the concentration range of 0 – 1,000 nM to 

the target CEA (500 ng/mL) with the regression equation for OD450 difference versus aptamer 

sequence (6). All data are shown as the means of ±SEMs (n=3).  

 

Further, a specificity study was performed, where other proteins present in human blood were 

tested, using ELONA. In this assay, a ninety-six well based plate was incubated with three 

different proteins (Figure 12), where CEA is the target protein (500 ng/mL), and IL-6 and 

HSA were used as non-target ones in a concentration of 500 ng/mL. In this experiment, we 

also applied controls, where a 500 nM CEA aptamer (Shu et al., 2013) was used as the first 

positive control, a 30 ng/mL monoclonal anti-human IgG1-biotin was used as a second 

positive control, and a well with CEA but without any aptamer was used as a negative control. 

    was used as a background. All OD values were subtracted from the background. The 

experiment was conducted in three technical replicates. As can be observed from Figure 12, a 

general concentration dependent pattern (0 – 1,000 nM) to the aptamer sequence (6) was 

discovered with the highest binding to the target CEA. ANOVA was performed to see 

statistically significant difference between those tested three proteins. As a result p-value was 

0.04, which allows conclude that there was a statistically significant difference in OD values 

among CEA, IL-6, and HSA.  

 

y = 0,1416ln(x) - 0,5161 

R² = 0,9508 

0

0,1

0,2

0,3

0,4

0,5

0,6

0 200 400 600 800 1000

A
b

so
rb

a
n

ce
 (

4
5

0
 n

m
) 

Aptamer 6, nM 



 28 

 

 
Figure 12. Binding affinity of the aptamer sequence (6) to proteins CEA, IL-6, and HSA. 

Binding of the biotinylated aptamer sequence (6) to the target CEA and non-target IL-6 and 

HSA was determined by ELONA. A 500 nM CEA aptamer (Shu et al., 2013) was used as the 

first positive control, a 30 ng/mL monoclonal anti-human IgG1-biotin was used as the second 

positive control, and a well with CEA but without any aptamer was used as a negative control. 

    was used as a background. All OD values were subtracted from the background. All data 

are shown as the means of ±SEMs (n=3). 

4.3 Surface Plasmon Resonance Experiments for Target Validation  

SPR technique measures live interactions of protein-protein or protein-DNA interaction by 

providing information on the rate constant of dissociation of the analyte from the ligand (koff), 

the rate constant of association of the analyte to the ligand (kon) and the rate constant of 

dissociation at equilibrium defined as the ration koff/ kon (KD). In this study, SPR was used for 

further evaluation of the aptamer sequence (6) against the target CEA. Immobilization of the 

aptamer sequence (6) was based on the surface functionalization of the CAP chip when Biotin 

CAPture Reagent with streptavidin (SA) conjugated oligonucleotides was hybridized to the 

complementary sequence immobilized on a sensor chip and biotinylated aptamer sequence (6) 

against CEA was captured to the Biotin CAPture Reagent surface (Figure 13). Commercially 

available CAP chip is designed to capture biotinylated analytes on a streptavidin surface. 

Aptamer (6) was also immobilized onto CAP electrode. A stable baseline was obtained by the 

flow of the HBS-EP+ running buffer over the sensor surface. CAPture Kit includes biotin 

CAPture reagent, which was used for the SA hybridization. This step was successful and 

reached the target – 3000 RU, as it was recommended in the CAPture Kit protocol. As soon as 



 29 

 the electrode surface with streptavidin was ready, aptamer (6) was immobilized onto the 

CAP surface and reached the target 1500 RU. After aptamer (6) immobilization step finished, 

CEA ran over the surface of the chip.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13.  A typical SPR sensor response to the surface functionalization of the CAP chip 

when Biotin CAPture Reagent with streptavidin (SA) conjugated oligonucleotides was 

hybridized to the complementary sequence immobilized on a sensor chip and biotinylated 

aptamer sequence (6) against CEA was captured to the Biotin CAPture Reagent surface.  

 

 

 

Figure 14. SPR sensorgram obtained from the interaction between the target CEA and 

biotinylated aptamer sequence (6). In each case, the protein was injected over immobilized 

aptamer (6) with an initial concentration of 2.5 ug/ ml, followed by 5, 10, 20, 40 ug/ml.  
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 Figure 14 shows a SPR sensorgram obtained from the interaction between the target CEA 

and biotinylated aptamer sequence (6). In each case, the protein was injected over 

immobilized aptamer (6) with an initial concentration of 2.5 ug/ml, followed by 5, 10, 20, 40 

ug/ml .The sensorgram in Figure 14 particularly shows the event occurring on the Fc-2. Fc - 

1 was used as a reference cell. It demonstrates the direct interaction between CEA and 

aptamer (6). The first phase in biomolecular interaction experiment is association phase, when 

analyte and ligand bind to one another as it can be seen from the sensorgram in Figure 14. 

However, dissociation phase is unstable and there are negative values. Dissociation phase 

describes the stability of the analyte-ligand complex. The reason of obtaining the negative 

values is that CEA more strongly binds to the reference channel, since the surface of the 

electrode is damaged somehow. Due to Covid-19 pandemic, it was not unfortunately possible 

to further perform SPR optimization studies to improve the binding affinity of an aptamer-

protein complex.  
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 5 DISCUSSION  

 

5.1 Evaluation of the binding of the ssDNA aptamers against CEA by 

ELONA and binding affinity of the most sensitive aptamer to the target 

CEA and non-target proteins, a specificity study 

ELONA method was used to evaluate the binding event between aptamers and target 

molecule – CEA. In this assay, ninety-six wells are coated overnight with CEA protein and 

next immobilized with 3‘-end biotin labelled aptamers. Since it is known that interaction of 

biotin and streptavidin is the strongest non-covalent bindings, with an association constant 

     (Gonzalez et al., 1997; Chivers et al., 2011), sHRP was added to the system and resulted 

to the interaction with biotin. Next TMB added to sHRP resulted into oxidation of TMB, 

turning in blue color product (Olucha, Matrinez-Garcia, Lopez-Garcia, 1985). The reaction 

stopped by the next addition of sulfuric acid, which turned the product into yellow color 

resulting stable diimine (Fanjul-Bolado, Gonzales-Garcia, Costa-Garcia, 2005). The 

absorbance of the final solution is measured at 450 nm since at this wavelength yellow color 

has the highest absorbance peak.  

Six different aptamer sequences were immobilized in a concentration of 500 nM and CEA 

was in a 500 ng/mL. Aptamer sequence (Shu et al., 2013) was used as a first positive control 

and a 30 ng/mL biotin was used as a second positive control, and CEA without aptamer was 

used as a negative control.     was used as a background. Screening of six biotinylated 

aptamers by ELONA (Figure 9) showed that aptamer sequence (6) has the highest affinity 

towards CEA, since it has the highest OD value in comparison with others. The rest of the 

aptamers showed non-significant binding to the target molecule – CEA.  

After screening of all selected aptamers, sequence (6) was tested in a concentration-dependent 

manner (Figure 10) again by ELONA.  A range of concentrations of aptamer (6) (0 – 1,000 

nM) were incubated with CEA. The results revealed that aptamer sequence (6) shows the 

positive correlation between aptamer concentrations and OD values (Figure 11). Aptamer 

sequence (Shu et al., 2013) was used as a first positive control and a 30 ng/mL biotin was 

used as a second positive control, and CEA without aptamer was used as a negative control. 

H2O was used as a background. 

Next, specificity test was done using two non-target proteins: Interleukin-6 (IL-6) and Human 

serum albumin (HSA) (Figure 12). IL-6 is a glycosylated polypeptide having a molecular 

weight of nearly 25 kDa and is one of the major cytokines in the tumor microenvironment, is 



 32 

 an important factor which is found at high concentrations and known to be deregulated in 

cancer (Kumari et al., 2016). IL-6 appears to be part of a cytokine network that regulates 

inflammation by triggering a consolidated phase through monocyte recruitment with a direct 

effect on the organization and integration of tumor-associated macrophages (TAMs), which 

are essential components of the tumor structure (Lippitz & Harris, 2016). HSA is the most 

abundant protein in plasma, is a monomeric multi-domain macromolecule, representing the 

main determinant of plasma oncotic pressure and the main modulator of fluid distribution 

between body compartments (Peters, 1996; Evans, 2002; Mendez et al., 2005a). HSA is a 

valuable biomarker of many diseases, including cancer, rheumatoid arthritis, ischemia, post-

menopausal obesity, severe acute graft-versus-host disease, and diseases that need monitoring 

of the glycemic control (Gupta & Lis, 2010; Koga & Kasayama, 2010; Sbarouni et al., 2011).  

Planned comparisons revealed that aptamer (6) has high specificity to the CEA, rather than to 

the IL-6 and HSA proteins. Also the test was done in dose-response analysis manner and still 

there is positive correlation between concentration and OD values.   

5.2 Surface Plasmon Resonance Experiments for Target Validation  

The results obtained from ELONA allowed select aptamer (6) as one with the highest affinity 

towards CEA and the next step was to move to the more sensitive technique. And in our case 

it was an SPR. Surface Plasmon Resonance was conducted to find the KD value of the aptamer 

(6). This value can be calculated using formula      /   . Calculated high KD value indicates 

low affinity between the ligand and the analyte and low KD vice versa describes high affinity 

between the ligand and the analyte.  

Here, ELONA results were used to quantify the binding constants, Kd and Bmax of aptamer 

(6). The affinity curve obtained using the ELONA showed that the best fit curve corresponded 

to a one site-specific binding model (with R2 value 0.95), from which the values 

of Kd and Bmax were computed. 

Biacore X100 (GE Healthcare) is equipped with different types of sensor chips. In this 

experiment two different sensor chips were used - SA chip and CAP chip. SA sensor chip pre-

coated with streptavidin was used to directly immobilize biotinylated aptamer (6) and CAP 

pre-coated with an oligo sequence was immobilized with SA by injecting CAP-reagent from 

the Biotin CAPture Kit (GE Healthcare) followed with immobilization of aptamer (6). 

Before starting the experiment, stable baseline was obtained, since it is important for accurate 

kinetic data. In the experiment with SA electrode (Figure S2) four steps are illustrated. This 
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 was an ―Automatic Run‖ by Biacore, where values, such as flow rate, contact time and 

concentration of protein are adjusted by Biacore itself. The machine also offers ―Manual Run‖ 

option, where user can change these values manually. First of all, stable baseline was obtained 

by flow of the running buffer – HBS-EP+ over the sensor surface. Next, regeneration buffer – 

1M NaCl with 12 mM NaOH was injected to activate the sensor surface. Then, biotin tagged 

aptamer (6) was immobilized on SA chip with a flow rate 10 uL/min. Biacore offers three 

types of flow rate: 5, 10 and 30 uL/min. In the experiment 10 uL/min was used as an optimal 

flow rate, since it allows efficient interaction between the ligand and the analyte. Before 

injection the CEA, blocking procedures were done. Flow cell-1 was used as a reference cell, 

since it is not pre-coated with streptavidin, was blocked by 1M ethanolamine-HCl. Flow cell-

2 was blocked with biotin in order to reduce non-specific binding. The result of this 

experiment was not successful. As it can be seen from the sensorgram, there is no RU change 

in baseline and this shows no binding. One of the problems was inappropriate biotin product 

used for blocking. Biotin (CAS 58-85-5) from Sigma-Aldrich was not suitable for use as a 

blocking reagent. D-biotin is suitable for use in such experiments, but the reagent was found 

late and unfortunately, the laboratory was out of SA chips.   

Next, the experiment was performed with CAP chips. CAP electrode is a good alternative to 

the SA chip, since it offers reversible ligand capture. The results of the sensorgram 

demonstrate (Figure 13, 14) successful SA hybridization and aptamer (6) immobilization 

procedures. It should be noted that SA hybridization, as well as aptamer immobilization steps 

were successful and reached target RU, 3000 and 1500 RU, respectively. 
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 6 CONCLUSION AND FUTURE WORK 

In this study, aptamers against CEA were evaluated based on the binding of the ssDNA 

aptamers against CEA using ELONA.  Obtained results show that the selected aptamers have 

a good specificity and sensitivity values comparing to the non-target proteins (IL-6 and HSA) 

as well as controls. Aptamer (6) showed the highest affinity against CEA among all screened 

six aptamer sequences. Future work will be concentrated on the SPR protocol optimization to 

improve binding affinity results. In case of a low signal, aptamers could be modified easily 

with self-assembled monolayers (SAMs) such as HS groups or magnetic/gold nanoparticles or 

any other fluorescent reporting molecules that could be further used in the application of 

characterized aptamers in the electrochemical impedance spectroscopy (EIS) based aptasensor 

for the detection of a cancer biomarker. We also plan on testing CEA aptamers on CEA 

spiked human serum samples to observe how a protein rich medium will affect the detection 

of the target.  
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 8 APPENDICES 

Appendix 1.  
 

 

 
Figure S1. A schematic overview of a surface chemistry employed in the SPR technique 

using a streptavidin (SA) functionalized electrode for the detection of binding affinity of the 

aptamer (6) against CEA. 

 

The results obtained from ELONA are bulk and need to be tested by more sensitive method. 

Aptamer (6) was immobilized onto SA electrode (Figure S1), which is pre-coated with 

streptavidin, hence allows direct binding between biotinylated aptamer and streptavidin 

molecule. The surface of the chip was activated by regeneration buffer. There are two flow 

cells on the sensor chip. Flow cell - 1 was blocked by ethanolamine-HCl and was used as a 

reference cell. Flow cell - 2 was blocked by biotin to reduce non-specific binding. The 

Biacore provides automatic in-line reference subtraction.  

 

 

 

 

  



 42 

 Appendix 2.  
 

 
Figure S2. A typical SPR sensor response to the surface functionalization of the SA chip 

when the biotinylated aptamer sequence (6) was captured on the SA surface followed by the 

blocking with biotin.  

 

Appendix 3. 

 

  
Figure S3. Binding of the aptamer sequence (6) in the concentration range of 0 – 1,000 nM to 

the target CEA (500 ng/mL) with the regression equation for OD450 difference versus aptamer 

sequence (6). All data are shown as the means of ±SEMs (n=3).  
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