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Abstract 

Microfluidic Discovery of Aptamers for Monoclonal Antibodies and Recombinant Proteins 

toward Applications in Therapeutic Drug Monitoring and Protein Production Quality Control 

Kechun Wen 

 

Affinity molecules can serve as precision tools for selective recognition and measurement 

of specific biomolecules in the fields of therapeutic drug monitoring and quality control in 

recombinant protein production. In therapeutic drug monitoring, affinity molecules can enable the 

accurate quantification of drug concentrations within physiological fluids, enhancing both the 

safety and efficacy of clinical treatments. In the realm of recombinant protein production, these 

molecules can allow precise isolation and measurement of desired recombinant proteins from 

complex mixtures by selectively targeting specific protein tags or domains, ensuring the 

consistency and purity of protein products. Currently, antibodies are most commonly used affinity 

reagents in these fields but are limited by production complexity, batch variability, high cost, and 

low stability. Aptamers, known as óchemical antibodiesô but composed of nucleotides, are 

considered potential next-generation affinity reagents. Aptamers are obtained via a synthetic 

process, termed SELEX, of iterative affinity selection and polymerase chain reaction (PCR) 

amplification of target-binding members from a randomized oligonucleotide library. This process 

is traditionally labor and resource-intensive and time-consuming. In this thesis, microfluidic 

technology is employed to enable time-efficient and cost-effective generation of aptamers for 

monoclonal antibodies and recombinant proteins toward applications in therapeutic drug 

monitoring and quality control of recombinant protein production.    



 

 

This thesis starts with a comparative study of three SELEX strategies for aptamer isolation, 

including those using conventional agarose bead-based partitioning, microfluidic affinity selection 

(called ñchip-selection SELEXò), and fully integrated microfluidic affinity selection and PCR 

amplification (termed ñfull-chip SELEXò). The comparison results indicate that chip-selection 

SELEX offers the lowest cost and highest efficiency in aptamer isolation. We then use chip-

selection SELEX to streamline the process of isolating anti-idiotype aptamers targeting human 

monoclonal antibodies against spike protein of SARS-CoV-2 virus. The process is completed 

within only 5 rounds of SELEX within two days, which represented a significant improvement 

when compared to conventional methods whose completion generally requires more than 10 

SELEX rounds in up to a month. These anti-idiotype aptamers are combined with a graphene-

based affinity nanosensor to enable rapid antibody concentration measurements to inform 

therapeutic decisions in a timely manner. In addition, a microfluidic dual-aptamer sandwich assay 

with highly efficient isolation of aptamers is developed to enable rapid and cost-effective detection 

of tag-fused recombinant proteins. This approach addresses both the limitations of current dual-

aptamer assays and commonly encountered difficulties in the lack of aptamers available for such 

assays, by first using chip-selection SELEX to generate aptamers and then employing these 

aptamers to implement a microfluidic dual-aptamer assay for quality control during recombinant 

protein production. 

Despite the high efficiency in aptamer isolation using chip-selection SELEX, the full -chip 

SELEX platform is still desired for minimal manual operation and reagent consumption. The 

current full -chip SELEX platform has low isolation efficiency and could not offer information of 

affinity selection process. Herein, by introducing asymmetric PCR into the full -chip SELEX 

process, we improve the efficiency in aptamer isolation and can successfully monitor the selection 



 

 

progress. This real-time monitoring capability allows us to identify the optimal point to terminate 

the SELEX process, preventing the potential loss of aptamer candidates and reducing the overall 

consumption of time and reagents. In addition, introducing solution phase-based asymmetric PCR 

addresses a notable technical challenge of on-chip PCR bead replenishment, toward complete 

automation of the full -chip SELEX platform. Furthermore, a holder equipped with connection pins 

is designed to enable the reversible connection between gold electrodes and electrical wires. This 

design promotes the reusability of gold electrode-deposited glass substrates, resulting in a 

substantial reduction in chip fabrication costs. 

In addition to the SELEX protocol development effort, we also present efficient and cost-

effective microfluidic approaches for post-SELEX aptamer characterization, including aptamer 

identification and kinetic aptamer-target binding measurements. To mitigate the expensive and 

time-consuming nature of aptamer identification from SELEX-generated target-binding sequence 

pools, we present an approach that is based on a cost-effective and efficient procedure to generate 

modified single-stranded DNA copies of the aptamer candidates and then assess the affinity of the 

resulting modified ssDNA strands to target molecules. The approach is applied to identify 

aptamers from 12 candidates with consistent results, but at a cost three times lower than that of 

established methods. We also present a microfluidic fluorescence assay, which exploits a 

synergistic combination of microfluidic technology and fluorescence microscopy, to realize cost-

effective and multiplexed measurement of kinetics of aptamer-target analyte binding without 

requiring special-purpose equipment.  
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Chapter 1: Introduction  

 Affinity molecules specifically bind to biological targets through non-covalent 

intermolecular interactions such as hydrogen bonding, hydrophobic interactions, and Van der 

Waals forces. Common affinity molecules include antibodies (polyclonal and monoclonal), 

peptides, and nucleic acids (e.g., aptamers). Antibodies are proteins produced by the immune 

system in response to foreign substances. Antibodies in general exhibit high affinity, typically with 

an equilibrium dissociation constant (KD) in the low nano- or picomolar range, to their targets, and 

are often conjugated with reporter enzymes or fluorophores and applied in immunoassays to 

accurately detect and quantify antigens or target biomolecules. Peptides, composed of short amino 

acid chains (typically 2 to 50) linked by amide bonds, are developed with in-vitro evolution 

methods, such as phage display and mRNA display, and often exhibit affinity to their target 

molecules with KD values in the nanomolar range. Aptamers are short single-stranded DNA or 

RNA moleclues (typically 20 to 80 nucleotides) that specifically bind to biological targets with a 

broad range of affinity with KD ranging from picomolars to micromolars.  

 With versatile capabilities in isolating, detecting, measuring or studying biological 

components within complex mixtures, affinity molecules are widely used in basic biomedical 

research, drug development, as well as clinical diagnostics and therapeutics. For example, in 

clinical treatment of diseases, affinity molecules are frequently used to monitor concentrations of 

drug molecules within varying forms of physiological fluids either in-vivo or ex-vivo, thereby 

improving the therapeutic effectiveness and safety and optimizing the outcome of the treatment. 

For another example, affinity molecules are employed in various analytical techniques to monitor 

the expression of recombinant proteins during protein production by targeting specific protein tags 
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or domains, ensuing the consistency and quality of recombinant proteins.  

 Among these affinity molecules, aptamers offer unique properties due to inherent nucleic 

acid nature, including cost-effectiveness, minimal immunogenicity, high stability under harsh 

environmental conditions (e.g., high temperature or extreme pH), ease of synthesis and 

modification, ease of modulation by complementary sequences, reusability following denaturation 

and renaturation cycles. The primary aim of this thesis research was to explore the versatile 

applications of one of the most exceptional affinity molecules, aptamers, within the fields of 

therapeutic drug monitoring and quality control in protein production.  

1.1 Therapeutic Drug Monitoring  

1.1.1 Therapeutic Drugs 

Therapeutic drugs, commonly known as medications or pharmaceuticals, are essential 

components of modern healthcare, serving as potent tools for diagnosing, treating, preventing, or 

alleviating a wide range of medical conditions in both humans and animals. This category of 

therapeutic drugs includes traditional small-molecule drugs and biopharmaceuticals like 

antibodies, vaccines, gene therapies, and cell-based therapies. These drugs find diverse 

applications across various medical domains, encompassing infectious diseases, chronic illnesses, 

pain management, mental health disorders, and more.  

Monoclonal antibody drugs. One notable category within this vast landscape is 

monoclonal antibody drugs, also referred to as monoclonal antibody therapeutics. Antibody drugs 

represent a specialized and rapidly growing sector within the pharmaceutical industry. The global 

therapeutic monoclonal antibody market was valued at approximately $115.2 billion in 2018 and 

is expected to generate revenue of $150 billion by the end of 2019 and $300 billion by 2025 [1]. 

These drugs utilize monoclonal antibodies, which are laboratory-engineered molecules designed 
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to target and neutralize specific proteins or cells involved in various diseases. One of their key 

advantages is their precision and specificity, which allows for highly targeted therapy with reduced 

side effects compared to traditional treatments. The applications of monoclonal antibody drugs are 

multifaceted. For example, monoclonal antibody drugs have revolutionized cancer therapy by 

targeting specific cancer cells or proteins involved in tumor growth. Examples include trastuzumab 

(Herceptin) for breast cancer [2] and rituximab (Rituxan) for B cell lymphomas [3]. They are used 

to treat autoimmune disorders like rheumatoid arthritis, psoriasis, and multiple sclerosis by 

modulating the immune system's activity and reducing inflammation [4]. Monoclonal antibodies 

can be developed to neutralize pathogens like the SARS-CoV-2 virus responsible for COVID-19. 

They can be used for both treatment and prevention [5]. In addition, emerging research is exploring 

the use of antibody drugs in neurodegenerative disorders like Alzheimer's disease [6]. Antibody 

drugs continue to drive innovation in medicine, offering hope for more effective and tailored 

treatments across a spectrum of diseases. The precision and versatility of these drugs make them 

a cornerstone of modern therapeutic interventions, with ongoing research and development paving 

the way for new breakthroughs and applications in healthcare. 

Therapeutic antibody drug monitoring. Monitoring the level of therapeutic antibody 

drugs in individual patients is essential to assess their efficacy, detect potential side effects, 

optimize dosages, and ensure patient compliance. It enables healthcare providers to ensure that the 

patient is receiving the appropriate dose of the therapeutic antibody drugs, optimizing treatment 

efficacy. Regular monitoring helps track the levels of the drugs in the patient's bloodstream, 

allowing adjustments to the dosage if needed to maintain therapeutic levels. This is particularly 

important because individual patients may metabolize the drug differently, and factors such as 

disease progression or concurrent medications can influence the drug's effectiveness. Monitoring 
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also facilitates the early detection of potential adverse reactions or immune responses, allowing 

for prompt intervention and ensuring patient safety. By closely tracking the patient's response to 

the therapy, healthcare professionals can tailor the treatment plan, making informed decisions to 

achieve the best possible outcomes and minimizing potential risks associated with the use of 

therapeutic antibody drugs [7]. 

1.1.2 Current Methods of Therapeutic Antibody Drug Monitoring 

 Immunoassays are the gold standard methods used for monitoring therapeutic antibody 

drugs, with liquid chromatography-mass spectrometry (LC-MS) serving as a backup method for 

this purpose. Enzyme-linked immunosorbent assay (ELISA) is a widely used method for 

therapeutic antibody drug monitoring, allowing precise quantification of therapeutic antibody 

levels in patient samples [8]. ELISA relies on the antigens or anti-idiotype antibodies as the anti-

idiotype ligands to specifically detect therapeutic antibodies. The capture ligands that are specific 

to the therapeutic antibody of interest are immobilized on a solid surface (e.g., a microplate). 

Patient serum or plasma containing the therapeutic antibody is added, allowing binding between 

the capture antibody and the therapeutic antibody. A detection antibody labeled with an enzyme 

or fluorophore is then added, which binds to a different region of the therapeutic antibody, forming 

a sandwich-like structure. The enzyme's substrate is added, leading to a colorimetric or fluorescent 

signal that is proportional to the amount of therapeutic antibody present. LC-MS serves as a backup 

when ligands or reagents specific to antibody drugs are not available. LC-MS for antibody drug 

monitoring involves separating antibody components in a biological sample using liquid 

chromatography, ionizing them, and then analyzing their mass-to-charge ratios in a mass 

spectrometer. The specific m/z values corresponding to the antibody and its fragments are detected 

and quantified, allowing for precise measurement of drug concentrations in clinical samples, 
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assessment of drug pharmacokinetics, and evaluation of therapeutic efficacy. LC-MS provides 

high sensitivity, specificity, and the capability to monitor various antibody forms [9].  

 While the current methods for antibody monitoring are known for their high sensitivity, 

selectivity, and reliability, they present significant drawbacks, including the reliance on expensive 

specialized equipment, multi-step procedures, and extended incubation times. To establish 

sustainable and convenient drug monitoring tailored to individual patients, point-of-care testing 

offers an ideal solution due to its cost-effectiveness and ease of implementation. Moreover, the 

procurement of costly ligands like anti-idiotype antibodies or antigens remains a challenge. 

Consequently, there is a pressing need for the development of more cost-effective, rapid, and 

efficient methods for antibody monitoring to address these limitations and enhance patient care. 

1.2 Quality Control in Recombinant Protein Production 

1.2.1 Recombinant Proteins  

Recombinant proteins are biologically engineered proteins synthesized by introducing 

specific genes into host cells using recombinant DNA technology. These proteins are designed to 

replicate or mimic naturally occurring proteins, and their applications span a broad spectrum, 

including therapeutic drugs (such as insulin and monoclonal antibodies), vaccines, diagnostic 

reagents, research tools, and industrial enzymes [10]. For example, approximately 90% of the 

industrial enzymes employed in various sectors such as paper production, leather processing, 

detergent manufacturing, textiles, food processing, biofuel production, and animal feed 

formulation are recombinant proteins [11]. Recombinant protein market size is expected to grow 

from $2.49 billion in 2023 to $3.65 billion by 2028, at a compound annual growth rate of 7.91% 

during the forecast period (2023-2028) [12]. 
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Production process of recombinant proteins. Recombinant proteins are produced using 

recombinant DNA technology, which involve isolating the gene encoding the desired protein, 

inserting it into a suitable host organism, allowing the host to produce the protein, and subsequently 

purifying it from the host cells. The production process of recombinant proteins involves a 

sequence of meticulously orchestrated stages, starting with the isolation of the target gene and its 

integration into an appropriate expression vector. The engineered vector is then introduced into 

host cells, which could be bacteria, yeast, insect cells, or mammalian cells, through methods like 

transformation or transfection. Following successful integration, the host cells initiate protein 

synthesis based on the introduced genetic instructions. Throughout the production, the expression 

of the recombinant protein is closely monitored to ensure the optimization of production and 

maintaining the desired quality. Culturing conditions are meticulously adjusted to promote robust 

protein synthesis, which may occur intracellularly or be secreted into the culture medium. After 

production, the protein is harvested and subjected to purification processes involving 

chromatography, filtration, and centrifugation to isolate the target protein from cellular impurities. 

This refined purification results in a highly pure recombinant protein ready for diverse applications, 

spanning research, therapeutics, diagnostics, and industrial processes [13, 14]. 

Monitoring of recombinant protein expression. During the production process, 

monitoring of recombinant protein expression is one of the most crucial steps for several reasons. 

It ensures that the production process is proceeding as intended, allowing for early detection of 

any deviations or issues that might affect protein yield or quality. This early detection enables 

timely interventions to address potential problems and minimize production losses. Additionally, 

monitoring provides insights into the kinetics of protein production, helping to optimize cultivation 

conditions and achieve higher yields. It also contributes to quality control by verifying that the 
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produced protein matches the expected molecular weight and structure. Furthermore, monitoring 

assists in the development and improvement of production protocols, leading to enhanced 

efficiency and reproducibility. Ultimately, by maintaining consistent and desired protein 

expression levels, monitoring ensures that the final product meets the stringent standards required 

for its intended applications in research, diagnostics, and therapeutics [15, 16]. 

1.2.2 Current Methods for Recombinant Protein Expression Monitoring 

Mass spectrometry. Mass spectrometry (MS) is an analytical technique to identify and 

quantify recombinant proteins based on their mass and spectral characteristics [17, 18]. MS can 

determine the composition, structure, and properties of molecules based on their mass-to-charge 

ratio. In the context of recombinant protein detection, MS serves as a versatile tool. It functions by 

ionizing protein molecules, separating them based on their mass, and measuring their abundance, 

providing valuable insights into the identity, purity, and modifications of recombinant proteins. Its 

advantages include high sensitivity, the ability to detect post-translational modifications, and the 

potential for absolute quantification. However, MS can be expensive and requires specialized 

equipment and expertise. Sample preparation can also be time-consuming, and the technique may 

have limitations when analyzing extremely large or small proteins [19]. Due to these challenges, 

MS remains a seldom used tool for the rapid detection of recombinant proteins in various research, 

clinical, and biopharmaceutical applications. 

Fluorescent fusion protein assays. Fluorescent fusion proteins, like GFP, are genetically 

encoded proteins that can be fused to recombinant proteins of interest [20]. These fusion tags are 

capable of emitting fluorescent light when exposed to specific wavelengths of light, enabling the 

visualization and detection of the tagged proteins in living cells or biochemical assays. In 

recombinant protein detection, the gene encoding a fluorescent protein tag is fused to the gene 
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encoding the target protein, resulting in the production of a fusion protein. When expressed in cells 

or added to a sample, the fluorescent tag imparts fluorescence to the recombinant protein, allowing 

for real-time monitoring, quantification, and subcellular localization of the tagged protein [21]. 

The advantages of fluorescent protein tags include their non-invasive nature, real-time 

visualization capabilities, and the ability to study protein dynamics within living cells. However, 

the relatively large size of the tag (238 amino acids for GFP) may affect protein function, and 

photobleaching and sensitivity to environmental factors may limit long-term studies. 

Immunoassays. Currently, the monitoring recombinant protein expression mainly relies 

on immunoassays that use antibodies as recognition elements including western blot and ELISA. 

Western blotting involves the separation of proteins based on size through gel electrophoresis, 

followed by their transfer onto a membrane [22, 23]. The membrane is then probed with antibodies 

specific to the target protein. Subsequent detection with secondary antibodies linked to enzymes 

or fluorophores generates a signal that is visualized and quantified. While western blotting 

provides information about protein size and allows qualitative or semi-quantitative analysis, it can 

be time-consuming, and variations in antibody specificity and efficiency may affect results. ELISA 

employs specific antibodies immobilized on a surface to capture the target protein from a sample. 

Detection antibodies, conjugated to enzymes or fluorophores, bind to the captured protein. The 

enzyme generates a colorimetric or fluorescent signal, quantified by absorbance or fluorescence 

measurements. ELISA is highly sensitive, quantitative, and amenable to high-throughput analysis. 

However, proper antibody optimization is necessary, and false positives or negatives due to cross-

reactivity can occur [15].  
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1.3 Aptamers as Reagents for Therapeutic Drug Monitoring and Quality Control of 

Recombinant Protein Production 

1.3.1 Overview of Aptamers as Affinity Reagents in Practical Applications  

 Aptamer are short, single-stranded DNA or RNA molecules that bind with high specificity 

and affinity to particular target molecules [24]. The interaction of aptamers with the target involves 

hydrogen bonding, van der Waals forces, and hydrophobic interactions, and results in formation 

of unique three-dimensional structure including regions (referred to as ñbinding pocketsò) that are 

specific to the shape and chemical properties of the target molecule. By this molecular recognition 

mechanism, aptamers can be considered analogs of antibodies. Using an in-vitro process termed 

systematic evolution of ligands by exponential enrichment (SELEX), aptamers can be developed 

for a wide range of targets such as metal ions, small compounds, proteins, viruses, and cells [24, 

25]. Developed synthetically, aptamers can be produced cost-effectively with minimized batch-to-

batch variations. In addition, aptamers exhibit chemical stability under diverse environmental 

conditions and can be readily modified and functionalized, enabling the attachment of additional 

molecules such as fluorophores or drug payloads. Furthermore, owing to their small size, aptamers 

can easily penetrate tissues, including solid tumors, facilitating targeted delivery of therapeutic 

agents or imaging probes. The small size of aptamers also contributes to the low immunogenicity 

and reduced risk of adverse immune responses when utilized in-vivo [25]. 

 With these unique physical and chemical characteristics, aptamers are an attractive 

alternative to antibodies in practical applications such as small molecule recognition, intracellular 

imaging and targeting, and in-vivo therapeutics. Due to their low immunogenicity, eliciting an 

effective immune response for antibody generation against small molecules in animal bodies is 

generally challenging. However, the in-vitro process of SELEX enables the direct isolation of 
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aptamers for virtually any small molecule, regardless of its immunogenicity or toxicity [26, 27]. 

This capability facilitates the development of biosensors crucial for diverse applications, including 

environmental monitoring (e.g., toxins, heavy metals) [28], therapeutic drug monitoring (e.g., 

antibiotics) [29], and medical diagnostics (e.g., metabolites, neurotransmitters) [30]. Aptamers 

being smaller in size than antibodies, can penetrate cellular membranes more effectively. This 

makes them suitable for intracellular targeting, imaging, and even delivery of therapeutic agents 

to specific organelles. For instance, Duan et al. reported that following intravenous injection, 

EpCAM aptamers exhibited a peak tumor uptake around 10 minutes, whereas EpCAM antibodies 

reached their maximum uptake at 3 hours. This demonstrates the superior performance of aptamers 

over antibodies in terms of tumor penetration. [31]. Aptamers are generally considered to have 

lower immunogenicity compared to antibodies. This makes them potentially suitable for 

therapeutic applications where minimizing immune response is critical. For instance, in the context 

of anticoagulant therapy, aptamers such as pegaptanib have been explored for their ability to bind 

to and inhibit specific clotting factors. This targeted approach not only enhances therapeutic 

efficacy but also reduces the likelihood of an immune reaction commonly associated with 

traditional anticoagulant treatments [32]. 

 Despite the numerous merits of aptamers, several key limitations pose challenges to their 

successful clinical applications. Availability of commercially validated aptamers may be limited 

compared to well-established antibodies. While hundreds of aptamers have been isolated, most of 

their affinity is lower than antibodies. Additionally, there is a notable disparity between theoretical 

SELEX and its practical implementation, with the evolution theory not yet comprehensively 

understood, resulting in numerous targets lacking corresponding aptamers. Overcoming these 

challenges necessitates a multidisciplinary approach encompassing chemistry, biology, and 
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engineering. For instance, SomaLogic has employed modified nucleotides to produce high-affinity 

aptamers targeting certain challenging proteins that had previously eluded successful selection 

attempts [33]. Various high-throughput analytical methods and advancements in data science have 

significantly enhanced the screening process, shedding light on the fundamental principles 

underlying SELEX [34]. In addition, microfluidic technology such as the methods developed in 

this thesis would enable more rapid and cost-effective generation of aptamers. Aptamers are 

susceptible to rapid exonuclease degradation in serum, leading to a short half-life of only tens of 

minutes, contrasting with FDA-approved antibodies which can have half-lives of several days. To 

address this compositional instability, researchers have explored modifications on the phosphate, 

ribose, and bases of nucleosides. Additionally, functionalizing aptamers with nanomaterials has 

been shown to stabilize immobilized DNA or RNA, rendering aptamers more resistant to nuclease-

mediated degradation [35]. Another strategy to enhance nuclease resistance involves leveraging 

multivalent effects by combining multiple functional groups. For instance, two aptamers can be 

circularized into a bivalent aptamer, resulting in increased binding affinity toward targets [36]. It 

is important to point out that there are many applications where nuclease degradation is not a major 

concern. For example, there is reduced nuclease activity in eye tissue, which is attractive for 

aptamer-based therapies. Notably, both FDA-approved aptamer-based drugs, Macugen [37] and 

Izervay [38], are intended for treatment of eye diseases. Additionally, in many applications in-

vitro, such as therapeutic antibody drug monitoring and quality control of protein production as 

will be discussed further below, aptamers may only be exposed to target molecules for a short 

period. Within this limited exposure time window, the risk of significant nuclease degradation is 

minimal and aptamers can in general be used without further anti-nuclease modification. 
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1.3.2 Aptamers in Therapeutic Antibody Drug Monitoring  

 Aptamers hold significant promise in the field of monoclonal antibody monitoring. These 

aptamers, designed to mimic the target antigen or antibody binding to the idiotype region of 

antibodies (anti-idiotype), offer a highly specific and tailored approach to measuring antibody 

concentrations. Their ability to selectively bind to the therapeutic antibody of interest allows for 

precise and sensitive monitoring, ensuring optimal dosing and therapeutic efficacy. Furthermore, 

anti-idiotype aptamers can be engineered to recognize various antibody isoforms, facilitating their 

application in the monitoring of complex antibody-based therapies, such as antibody-drug 

conjugates or bispecific antibodies. Their rapid detection capabilities and potential for point-of-

care assays make them valuable tools in personalized medicine, where timely and accurate 

monitoring is paramount for patient care. As research in this area continues to advance, anti-

idiotype aptamers are poised to play a key role in enhancing the clinical management of 

monoclonal antibody-based treatments. Recently, several efforts have been devoted to employing 

aptamer-based immunoassays to detect various monoclonal antibodies, including the anti-MUC1 

IgG monoclonal antibody [39], anti-saxitoxin antibody [40], anti-zearalenone monoclonal 

antibody [41], humanized monoclonal antibody against vascular endothelial growth factor A 

(VEGF-A) [42-44], and humanized monoclonal antibody against human epidermal growth factor 

2 receptor (HER 2) [45]. However, most of these aptamers isolated by traditional isolation methods 

that remain reagent and time consuming, as well as effort intensive, making it difficult to scale to 

cover a large number of antibodies. In addition, achieving near real-time monitoring of mAb 

production and capturing rapid change of physiological mAb levels during therapy are in general 

difficult using conventional detection methods, which are time-consuming (several hours, 

sometimes overnight) and labor-intensive. 
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1.3.3 Aptamers in Quality Control of Recombinant Protein Production 

 Aptamers have emerged as valuable tools in the field of recombinant protein expression 

monitoring. Their specificity, rapid binding kinetics, adaptability, and cost-effectiveness make 

them an attractive choice for bioprocess optimization and the development of efficient and reliable 

protein expression systems. As the biotechnology industry continues to advance, aptamers are 

poised to play a pivotal role in improving the monitoring and control of recombinant protein 

expression processes. Recently, several aptamer-based biosensors have been reported to achieve a 

fast and sensitive detection of tag-fused recombinant proteins. For example, a molecular beacon 

aptamer was designed to directly detect His-tagged Rep78 protein in cell lysate [46]. An aptamer-

based colorimetric sensor was also developed to detect His-tag-containing chitinase in 

chitooligosaccharide solvent [47]. However, these sensors, which are based on a single recognition 

aptamer for the tag, have limited specificity in complex environments such as culture media or cell 

lysates. Dual-aptamer-based sandwich assays involve a pair of aptamers, which bind to a given 

target at different epitopes such that one aptamer is used to capture the target and the other to 

generate a detection signal, and are attractive for the detection of recombinant proteins with 

potential advantages including high specificity and sensitivity, reusability, and low cost [48-51]. 

In particular, dual-aptamer assays are well suited to detecting tag-fused recombinant proteins 

where the tag can be one of the targeted epitopes. As such, an aptamer that binds to the tag is used 

to capture the tag-fused protein, and a second aptamer specific to the recombinant protein serves 

as the reporter. It has however not been possible to widely use these assays in recombinant protein 

detection because of a lack of available aptamers, long assay times and high consumption of 

reagents [48, 52, 53]. These limitations are especially exacerbated by the requirement of the assays 
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for distinct epitope-binding aptamer pairs, whose isolation is generally challenging, laborious and 

time consuming [48, 54]. 

1.3.4 Aptamer Isolation via SELEX 

 Aptamers are isolated by an in-vitro process termed systematic evolution of ligands by 

exponential enrichment (SELEX). In 1990, the SELEX technique was initially introduced by 

Tuerk and Gold [55]. They utilized nitrocellulose membranes as separation media to isolate RNA 

sequences that exhibited a high affinity (KD = 4.8 nM) for T4 DNA polymerase. In their work, the 

term "Ligands" was used to denote the screened sequences. In parallel, Ellington and Szostak [56] 

applied affinity chromatography screening in the same year to identify RNA sequences with 

binding affinities for six organic dyes. These sequences were termed "Aptamers," drawing 

inspiration from the Latin word "aptus," which means adaptation. A general SELEX process 

begins with the incubation of a diverse pool of single-stranded oligonucleotides with the target 

molecule of interest. During this incubation, aptamers within the pool that possess a natural affinity 

for the target bind to it. Following this initial binding step, partitioning techniques are employed 

to physically separate the target-bound sequences from those that remain unbound. Subsequently, 

through alterations in environmental conditions or the use of other specific elution methods, the 

sequences that have successfully bound to the target molecule are selectively released. These 

liberated sequences, which constitute the enriched pool of aptamers, are then subjected to 

amplification using polymerase chain reaction (PCR) to generate a larger population of these high-

affinity nucleic acid ligands. This iterative process of selection, amplification, and partitioning is 

repetitively executed over multiple rounds to progressively enrich the pool of aptamer sequences 

that exhibit a robust and specific binding affinity for the target molecule. Once enriched, 

sequencing technologies are employed to sequence the enriched pool, revealing the unique 
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sequences of each aptamer. Bioinformatics analysis is then applied to process the massive 

sequencing data, identifying the aptamer sequences and assessing their relative abundances. High-

affinity aptamers, which have been enriched through multiple rounds of the SELEX process, can 

be distinguished based on their frequency in the dataset. After identification, the aptamer 

sequences are synthesized, experimentally validated for their binding affinity to the target 

molecules. While SELEX has demonstrated its effectiveness in aptamer discovery, the traditional 

approach is frequently characterized by its time-consuming and costly nature [57]. 

1.3.5 Microfluidic SELEX  

 Recently, microfluidic technology has been considered as an innovative and highly 

efficient approach to streamline and enhance the SELEX process for aptamer discovery [58, 59]. 

It leverages microscale fluid handling systems to manipulate small volumes of reagents, target 

molecules, and aptamer candidates within microchannels and chambers. The microfluidic SELEX 

offers several advantages over traditional SELEX. Microfluidic SELEX accelerates the selection 

process, allowing for faster aptamer discovery. The precisely controlled microfluidic environment 

promotes rapid interactions between aptamer candidates and target molecules. By utilizing 

microliter to nanoliter volumes, microfluidic SELEX significantly reduces sample and reagent 

consumption, making it more resource-efficient. Microfluidic platforms can be easily automated, 

reducing the need for manual intervention and improving reproducibility. Microfluidic SELEX 

can also integrate various steps, such as partitioning, amplification, and sequencing, into a single 

platform, streamlining the entire process. Researchers can precisely control reaction conditions, 

including flow rates, mixing, and incubation times, leading to more consistent and controlled 

selections. Microfluidic devices can accommodate multiple channels or chambers, enabling the 

simultaneous screening of multiple aptamer candidates against various targets. In summary, 
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Microfluidic SELEX's speed and efficiency are a result of its ability to precisely control fluid 

dynamics and reduce diffusion times, enabling rapid and consistent interactions between aptamer 

candidates and target molecules. This accelerated process is advantageous for aptamer discovery, 

especially when time is a critical factor, as it occurs in many biomedical and biotechnological 

applications. 

 CE-SELEX. Capillary electrophoresis SELEX (CE-SELEX) is the first microfluidic 

approach employed to generate aptamers by involving the separation stage of SELEX [60]. High-

efficiency separation is critical for aptamer generation. CE can achieve the high-efficiency 

partitioning through different migration rate of analytes with different charge in an applied electric 

field. In CE-SELEX, a target molecule is incubated with aptamer library and subsequently injected 

into CE system to separate aptamer-target complex. The isolated complex is collected and 

amplified by polymerase chain reaction for further rounds of CE-SELEX. Bowser et al. [61] 

isolated aptamers against immunoglobulin E (IgE) with nanomolar affinity in just four rounds 

using CE-SELEX, while conventional SELEX requires eleven rounds. This indicates that CE-

SELEX can significantly improve the efficiency of aptamer generation. Recently, CE-SELEX has 

also been employed by Qu et al. [62] to obtain aptamers against bovine lactoferrin just in two 

rounds.  

 NECEEM-SELEX. Nonequilibrium capillary electrophoresis of equilibrium mixture 

SELEX (NECEEM-SELEX) was developed from CE-SELEX. Different from CE-SELEX, 

NECEEM-SELEX removes the PCR amplification stage between CE selection stages and just 

performs only one round of PCR amplification after several iterative CE selection processes to 

amplify the isolated aptamer candidate pool. This aptamer selection process without intermediate 

amplification stage is also called non-SELEX. Compared with CE-SELEX, NECEEM-SELEX is 
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more favorable for isolating aptamers with high affinity and specificity by decreasing non-specific 

amplicons from high-cycle PCR. In addition, NECEEM-SELEX decreases the consumption of 

PCR reagents and amplification time. Currently, aptamers against many proteins, including 

farnesyl transferase [63], thermostable DNA mismatch binding protein (MutS) [64], bovine 

catalase [65], and tau protein [66], have been isolated using NECEEM-SELEX successfully. 

 In short, solution phase-based microfluidic SELEX techniques, such as SELEX CE-

SELEX and NECEEM-SELEX, exhibit high efficiency for aptamer selection. Furthermore, these 

solution phase-based techniques allow for selection of aptamers against complete targets without 

altering the structures and properties of targets. However, one of drawbacks is the very low inject 

volume of CE (50 nL), limiting the diversity of initial library and making it difficult to obtain a 

high amount of aptamer pool. In addition, capillary electrophoresis-based aptamer selection 

approaches cannot be employed to obtain aptamers against targets without large mobility shift or 

charge.    

 Bead-based target immobilization. Magnetic beads are commonly used for solid-liquid 

separation. Targets are immobilized on magnetic beads to achieve high-efficiency isolation of 

aptamer-target complex by microfluidic SELEX. The first bead-based microfluidic SELEX was 

reported by Soh et al. in 2009 [67]. They designed a continuous flow magnetic activated chip to 

perform the portioning step of SELEX by capturing the target-coated magnetic beads with nickel 

strips in the chamber. The aptamers bound to targets immobilized on beads were collected to 

perform PCR, while unbound oligonucleosides were washed away through the waste outlet. A 

number of high-affinity aptamers against protein targets have been obtained utilizing this chip in 

just one to three rounds, including botulinum neurotoxin type A [67], streptavidin [68, 69], platelet 

derived growth factor BB protein [70], and apolipoprotein E3 [71]. There KD value ranges from 
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0.028 to 63 nM. After that, Wang et al. [72] in 2014 proposed an optimized microfluidic chip 

incorporated with positive selection and negative selection units. They isolated aptamers against 

myoglobin with KD values in the nanomolar range (from 4.93 to 6.38 nM) after seven rounds. 

Similarly, Zhang et al. [73] developed the two-unit magnetism-controlled chip incorporating many 

magnetic nanospheres on the bottle of the two units to trap the target-coated magnetic beads. 

Aptamers against Mucin 1 [73] and Ebola virus proteins [74] were selected after two and three 

rounds, respectively. Their KD values are in the range from 4.1 to 65 nM. In addition to the 

separation methods of capturing magnetic beads in chambers, Laurell et al. [75] developed a 

microfluidic chip to obtain aptamers against prostate-specific antigen (PSA) based on an 

acoustofluidic separation technique. This chip can directly separate the complex of aptamer-PSA-

coated beads by providing simultaneous washing and separation in a continuous flow mode. After 

eight rounds, an aptamer against PSA with KD of 0.7 nM was obtained. Lammertyn et al. [76] 

obtained an aptamer against influenza A nucleoprotein with KD value of 17 nM by magnetic bead-

based microfluidic SELEX.     

 Channel-based target immobilization. Different from the bead-based target 

immobilization, Xu et al. [77] reported a microfluidic chip directly immobilizing the targets on the 

bottle of channel. Their chip consisted of two serpentine microfluidic channels. One channel was 

dotted with target proteins for positive selection while another channel was dotted with counter 

proteins for negative selection. Using this chip, they took 7 days to finish 7 rounds to obtain 

aptamers against lactoferrin with KD values ranging from 0.92 nM to 5.48 nM. 

 Integrated microfluidic SELEX . Beyond merely improving a specific stage of the 

SELEX process, researchers have explored fully integrating the diverse reactions in SELEX within 

a single fluidic chip. The fully integrated devices would allow the SELEX process to be executed 



 

19 

 

with minimized sample consumption and a higher level of automation. As a result, integrated 

SELEX approaches can not only enhance efficiency but also minimize the human error. 

 G. B. Lee and coauthors developed [78] integrated devices capable of conducting SELEX 

on a single microfluidic chip, including target-aptamer incubation, separation, and PCR-based 

amplification of enriched oligonucleotides. The handling of samples and reagents was 

pneumatically controlled. Initially, targets were immobilized on magnetic beads and incubated 

with a random ssDNA library in a mixing chamber. Oligonucleotides that exhibited strong binding 

to the target-functionalized magnetic beads were retained by a magnet positioned beneath the 

chamber. Subsequently, buffer was introduced into the chip to eliminate weakly binding 

oligonucleotides in the solution phase. After thorough washing, the target-binding strands were 

transferred to another chamber using suction-based flow manipulation. Here, they underwent 

amplification in solution via thermocycling. With this integrated microfluidic SELEX chip, they 

have isolated a number of high-affinity and -specificity aptamers against various targets, such as 

tissues, cells, proteins, and viruses. For instance, aptamers against ovarian cancer tissues has been 

obtained with KD values ranging from 129 to178 nM after six rounds for the first time [79]. In 

addition, they used the optimized integrated microfluidic chip successfully isolated various cancer 

cellsô aptamers with nanomolar affinit, including cancer stem-like cell [80], colorectal cancer cells 

[81], ovarian cancer cells [82], as well as cholangiocarcinoma cells [83]. Furthermore, aptamers 

against various protein targets have also been obtained, including C-reactive protein (CRP) [78], 

alpha-fetoprotein [84], hemoglobin [85], and three cardiovascular biomarkers (N-terminal pro-

peptide of B-type natriuretic peptide, human cardiac troponin I, and fibrinogen) [86]. The 

efficiency of the devices in the processing of PCR product to yield single-stranded DNA is, 

however, unclear. Specifically, while heating dsDNA in PCR product followed by rapid cooling 
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allowed ssDNA extraction, the ssDNA strands may still quickly rehybridize to form dsDNA in the 

cooling process, which would cause a significant loss of the amplified target-binding ssDNA and 

affect the efficacy of the subsequent SELEX rounds.  In addition, while all reaction materials are 

stored in the device itself, it leads to limited volumes for certain SELEX reagents (e.g. library and 

washing buffer). This may result in a reduced diversity of the library and incomplete washing of 

non-binders or weak binders. 

 Our research group has also explored a fully integrated platform that combines bead-based 

selection and PCR amplification to streamline the processes of SELEX [87]. Oligonucleotides 

exhibiting high affinity to a target were isolated through target-coated beads within a 

microchamber. Subsequently, these oligonucleotides were hydrodynamically transferred into 

another chamber, where they underwent capture and amplification on primer-coated beads. After 

amplification, the strands were released into a buffer solution and then hydrodynamically 

transferred back into the selection chamber for further rounds of SELEX. Additionally, alternative 

devices were developed to seamlessly integrate the selection and amplification stages using 

electrokinetic methods [88]. Although these devices featured a selection chamber and a PCR 

amplification chamber separated by a channel filled with agarose gel, the gel's tendency to 

deteriorate restricted the number of on-chip SELEX cycles possible. Additionally, the exposure of 

the target to potentially harmful electric fields during affinity selection raised concerns about the 

integrity of the target and potential adverse effects on target-aptamer binding. Consequently, 

addressing these issues is crucial for enhancing the reliability and efficiency of SELEX procedures 

conducted on-chip. In a recent development, Olsen et al. developed a SELEX approach integrating 

selection, counter-selection, and amplification [89]. While the device enabled multiple rounds of 

SELEX without degradation, it lacked the ability to monitor the selection process and evaluate 
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aptamer enrichment progress in real-time. Consequently, assessing the success of SELEX was only 

possible after its completion. Overcoming this limitation offers significant benefits, as real-time 

monitoring of aptamer enrichment and timely termination of the SELEX process could prevent the 

loss of aptamer candidates due to non-specific amplification caused by PCR bias. Additionally, it 

would reduce both time and reagent consumption, thereby enhancing the efficiency of the SELEX 

procedure. 

1.3.6 Methods for Assessing Aptamer Characteristics 

 Aptamer binding assays are fundamental techniques used to evaluate the binding affinity, 

specificity, and kinetics of aptamers to their target molecules. These assays are crucial in 

characterizing aptamers for various applications, including diagnostics, therapeutics, and 

biosensing. Here are some commonly-used methods for assessing aptamer characteristics. 

Enzyme-linked oligonucleotide assay (ELONA) is akin to the ELISA but uses aptamers instead of 

antibodies as capture and detection molecules. It measures target binding through colorimetric, 

fluorescence, or chemiluminescence signals [45, 90]. Surface plasmon resonance (SPR) detects 

changes in refractive index as aptamers bind to immobilized target molecules on a sensor surface. 

It provides real-time information on binding kinetics, affinity, and specificity  [91, 92]. Isothermal 

titration calorimetry (ITC) measures the heat released or absorbed during aptamer-target 

interactions. It provides detailed information about thermodynamics, binding stoichiometry, and 

binding constants [93]. Biolayer interferometry (BLI) detects changes in interference patterns as 

aptamers bind to target molecules immobilized on a biosensor tip. It measures kinetics and affinity 

in real-time [94, 95]. Fluorescence-based aptamer binding assays are specialized techniques used 

to investigate and quantify the interactions between aptamers and their target molecules, exploiting 

the unique fluorescence properties of certain molecules. Fluorescently labeled aptamers are used 
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to monitor binding interactions. Fluorescence microscopy [96], flow cytometry [97, 98], and 

fluorescence polarization assays [99] are common methods.  

 Current techniques, while well established, generally require large sample volumes, bulky 

and expensive instruments operated by trained personnel, and are hence not readily accessible to 

resource-limited research laboratories. There is an urgent need for efficient, simple and cost-

effective methodologies to enable the screening of aptamers from SELEX-generated candidates 

and measurement of aptamer-analyte binding kinetics. 

1.4 Objectives and Significance 

 This thesis seeks to develop microfluidic methods for rapid and cost-effective generation 

of high-affinity and high-specificity aptamers, serving as affinity reagents toward applications in 

monitoring therapeutic antibody drugs and ensuring the quality of recombinant protein production. 

Despite antibodies being the primary affinity reagents, their production complexity, batch 

variability, high cost, and low stability present challenges. Aptamers, often referred to as 'chemical 

antibodies' due to their nucleotide composition, are considered potential replacements. However, 

traditional aptamer generation methods remain labor-intensive, resource-intensive, and time-

consuming. The utilization of microfluidic technologies in this research is expected to enhance the 

efficiency of the process. The specific objectives of this thesis are as follows:  

· comparison of microfluidic aptamer selection methods with conventional methods 

regarding efficiency, efficacy, and cost;  

· development of aptamers against human monoclonal antibodies and recombinant 

proteins via microfluidic selection method, and demonstration of the potential use of 

these aptamers in therapeutic antibody drug monitoring and quality control of 

recombinant protein production. 
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· development of an automated integrated microfluidic SELEX platform capable of 

achieving in-situ monitoring or tracking of the SELEX process. 

· Development of cost-effective microfluidic methods for assessing aptamer 

characteristics. 

1.5 Organization of Thesis 

 This thesis is dedicated to advancing key technologies for aptamer isolation, with a specific 

focus on their applications in therapeutic drug monitoring and protein production quality control. 

After providing an introduction in Chapter 1, Chapter 2 offers a comprehensive comparative 

analysis of three SELEX strategies for aptamer isolation. These strategies include conventional 

agarose bead-based partitioning, microfluidic affinity selection (called ñchip-selection SELEXò), 

and fully integrated microfluidic affinity selection combined with PCR amplification (termed 

ñfull-chip SELEXò). The results demonstrate that microfluidic chip-selection SELEX emerges as 

a cost-effective and highly efficient method for aptamer isolation. Chapter 3 presents the 

application of the microfluidic chip-selection SELEX method to isolate anti-idiotype aptamers 

tailored for monoclonal antibodies designed to combat the SARS-CoV-2 virus. In Chapter 4, we 

employ the microfluidic chip-selection SELEX approach to isolate aptamers targeting His tag-

fused recombinant proteins. These aptamers are then utilized in microfluidic dual-aptamer 

sandwich assays, enabling rapid and cost-effective detection of tag-fused recombinant proteins 

within cell culture media. This serves as a demonstration of the potential for microfluidic aptamer 

isolation in therapeutic antibody drug monitoring. In Chapter 5, we present an enhanced full -chip 

SELEX platform that enables in-situ monitoring of the aptamer selection process while allowing 

for the reuse of gold electrode-deposited substrates. Chapters 6 and 7 explore cost-effective 

methods for aptamer identification within candidate pools and the measurement of aptamer-target 
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binding kinetics, respectively. Finally, Chapter 8 offers a comprehensive summary and discussion 

of future research directions.  
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Chapter 2: A Comparative Study of Aptamer Isolation on Chip-

Selection Microfluidic SELEX, and Full-Chip Microfluidic SELEX  

2.1 Introduction     

 Since the discovery of aptamers [55, 56], SELEX has been used extensively for various 

targets. Conventional SELEX methods have been effective while also were limited by time and 

cost. New methods, such as those based on microfluidic technology have hence been under 

active development [100]. These methods, while based on the same underlying principles as the 

conventional ones, focus on integrated handling of reagents to achieve more cost-efficient and 

rapid discovery of aptamers. A number of studies, both theoretically and experimentally, show 

that microfluidic technology can improve the efficiency of aptamer isolation by reducing the 

background binding in the selection process [74, 101-103]. In addition, to alleviate the labor-

intensiveness of the manual procedures in the SELEX process, a variety of microfluidic chips, 

integrating the in-vitro selection, amplification and strand separation onto a single chip have 

been developed [104-106]. Previously, we have developed an full -chip SELEX method that 

employs the pressure-driven and electrokinetic transport of target-binding oligonucleotides for 

the discovery of aptamers [107, 108].  Moreover, in a recent study, we have developed a 

microfluidic SELEX device using bead-based affinity selection and amplification procedures to 

isolate the aptamers against targets such as glycans and Immunoglobulins rapidly without any 

off-chip processes [109] While results from these studies demonstrate the potential of 

microfluidic SELEX, there is yet any comparison of the microfluidics- and conventionally based 

methods.  

 This chapter presents a comparative study of three strategies of SELEX, comparing their 

characteristics in aptamer isolation and informing the choice of the methods based on the 
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requirements of the given biological target and the intended application. These include 

conventional benchtop SELEX (hereafter referred to as ñconventional SELEXò) that uses agarose 

beads, as well as two microfluidic implementations, the first of which is based on a microfluidic 

chip that fully integrates affinity selection, PCR amplification and single-stranded DNA (ssDNA) 

conditioning (termed ñfull-chip SELEXò). The other microfluidic implementation uses 

microfluidic affinity selection but off-chip PCR and ssDNA conditioning (called ñchip-selection 

SELEXò), which will provide insights into the relative significance of on-chip affinity selection 

for improving the efficiency and efficacy of SELEX processes. Using human immunoglobulin E 

(IgE) as a model target protein across these three different SELEX strategies, we analyzed the 

differences in the configurations of the SELEX, the parameters and the resulting time taken to 

execute the iterations. Experimental results showed that all three methods succeeded in isolating 

high-affinity and specificity aptamers against IgE protein. Compared to the conventional strategy, 

the chip-selection and full-chip SELEX strategies both showed a significantly higher efficiency in 

aptamer isolation by providing a higher stringency in selection conditions. These include reduced 

background binding by rigorous washing, increased competitive binding by continuous-flow 

operation, and enhanced selection enrichment by intimate interactions between oligonucleotides 

and the intended target. The microfluidic strategies also allowed aptamer isolation at lower cost 

due by reducing the reagent consumption. Between the two microfluidic implementations, it was 

shown that microfluidic-selection SELEX offers low cost, shorter aptamer isolation time and high 

aptamer enrichment efficiency, while full-chip SELEX is overall advantageous particularly in time 

efficiency, and because of the integrated nature, is amenable to automation. 
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2.2 Experimental Section 

2.2.1 Conventional SELEX  

The starting library used for the conventional SELEX was 2 nmol while the target protein 

used was 50 µL of the IgE-coated agarose beads. Denaturation of the library was achieved by 

heating at 95 ºC for 10 min followed by cooling to RT for 30 min. Incubation of the library and 

the target protein was carried out at RT for 30 min by slow rotation on a homemade rotator. Next, 

the target-bound molecules were separated from the unbound molecules by brief centrifugation. 

The supernatant was removed and the sedimented agarose beads were washed with 300 µL of PBS. 

This was repeated for 3 times. The target-bound nucleic acid molecules were eluted by heating at 

95 ºC for 10 min in urea. The eluted molecules were concentrated by ethanol precipitation and 

subjected to PCR amplification on a thermal cycler (BIO-RAD, USA) for 6 cycles. The 100 ɛL of 

PCR reaction mixture consists of PCR reaction buffer (10 mM Tris-HCl pH 8.8, 50 mM KCl, 0.08 % 

(v/v) Nonidet P40), 1.5 mM MgCl2, 0.2 mM dNTP, 5 U of GoTaq® DNA Polymerase and 0.5 ɛM 

of each primer. Following verification of the PCR band at the expected size using 3% agarose gel 

electrophoresis, 10 µL of the master PCR product was used for large scale PCR amplification in 1 

mL of reaction volume. The large-scale PCR product was concentrated using 10 kDa Microcon 

Centrifugal Filter Unit. The concentrated PCR product was incubated with 120 µL of PierceÊ 

Streptavidin Agarose and the unbound molecules were removed. The ssDNA was released using 

0.2 M NaOH by incubation for 10 min, before neutralization using 0.2 M HCl and concentration 

using the 10 kDa microcon. For the subsequent rounds of SELEX, 200 pmol of the ssDNA 

molecules were used while the amount of bead solution used was 30 µL.  
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2.2.2 On-Chip Affinity Selection (Chip-Selection Microfluidic SELEX)  

 First, 2 nmol of the initial library was heated at 95 oC for 10 min and immediately cooled 

at -20 oC for 4 min, followed by incubation at room temperature for another 5 min to fold the 

ssDNA molecules. The library was incubated with 50 µL of IgE-coated agarose beads by slow 

rotation on a homemade rotator for 30 min at RT. Next, the reaction mixture was subsequently 

injected into the chip-selection chip with a pipette. Washing was carried out with 300 µL of PBSM 

buffer to remove the unbound ssDNA. An elution of 80 µL was collected by heating the chamber 

at 95 ºC for 4 min using PBSM buffer flow rate of 20 µL/min.  

 Bead-based PCR was employed to generate ssDNA for the next round. Streptavidin-coated 

beads were functionalized with biotinylated reverse primers. First, 200 µL of streptavidin-coated 

bead aliquot was washed three times with 600 µL of PBS buffer before incubating with 2 nmol of 

biotinylated reverse primers. After incubation at RT for 30 min, PCR beads were washed for three 

times with 600 µL of PBS buffer and finally dissolved in 1 mL of PBSM buffer.  

 The collected elution mixture that contains the eluted ssDNA molecules (80 µl) was 

incubated with 50 µL of prepared PCR bead aliquot at RT for 30 min. During this incubation, 

hybridization between the eluted ssDNA molecules with the immobilized biotinylated reverse 

primers on PCR beads will be permitted. The supernatant was removed by brief centrifugation and 

the ssDNA molecules-captured PCR beads were washed with 200 µL of PBSM for 3 times. Then, 

100 µL of PCR mixture containing 2 mM MgCl2, 0.2 mM dNTP, 1 µM FAM -labelled forward 

primer and 0.5 µL of Gotaq Flexi DNA Polymerase was added to the bead. PCR cycles were 

performed on a thermal cycler (BIO-RAD, USA) using the following parameters: an initial 

denaturation at 95 °C followed by 26 amplification cycles of 30s denaturation at 95 °C, 30 s 

annealing at 55 °C, 30 s extension at 72 °C and final extension at 72 °C for 3 min. The resulting 
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amplicons including the PCR beads were injected into a new chip-selection PDMS chip. The 

ssDNA molecules that are free in the reaction mixture solution were collected directly while the 

ssDNA molecules bound to the biotinylated reverse primers on the surface of the beads were eluted 

with PBSM buffer by heating the chamber at 95 °C for 2 min. The collected ssDNA molecules 

were concentrated to 100 µL for the next round SELEX using an amicon ultra-0.5 centrifugal filter 

unit by micro-centrifuge (Labnet Spectrafuge 24D, USA). 

2.2.3 Full-Chip SELEX  

 Multi -round full-chip SELEX was carried out on-chip without the use of any offline 

processes or equipment. First, the appropriate beads (selection, counter selection, and 

amplification) were pipetted into the three chambers (selection, counter selection, and 

amplification), respectively, until the beads filled approximately half of the chamber using pipette. 

Next, 500 µL of 4 µM (2 nmoles) of the library, which had previously been heated to 95 ºC for 

five minutes and cooled back to room temperature, was pumped into the device (10 µL/min) using 

a syringe pump.  Once the total library volume has passed through the selection chamber, the 

washing stage commenced where PBSM buffer was infused (20 µL/min) through the selection 

chamber to remove weakly binding oligonucleotides for 35 minutes. Buffer flow-through was 

collected in five-minute intervals, amplified by PCR, and imaged with a gel electropherogram to 

verify successful removal of non-binding oligonucleotides through the washes and the retention of 

strong-binding oligonucleotides.  

2.2.4 Next Generation Sequencing of Enriched Pools 

 The collected enriched pool samples from SELEX rounds were amplified again on a 

benchtop thermal cycler (15-20 rounds), and the PCR product was purified with NucleoSpin PCR 

cleanup Kit. The purified dsDNA was then quantified by Spectrophotometer (Implen, USA). 
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Sample preparation for next generation sequencing was performed by following KAPA Hyper 

Prep Kit protocol. MiSeq cartridge (Illumina, CA) was thawed to room temperature (2 hours). The 

quantified samples were pooled together and diluted to a final concentration of 4 nM and 

reconfirmed on Qubit. First, 5 µL of the combined 4 nM library was mixed with 5 µL of freshly 

prepared 0.2 N NaOH. The solution was thoroughly mixed and spinned down. It was then 

incubated at room temperature for 5 min before mixing with 990 µL of cold HT1 (hybridization) 

buffer. Next, 120 µL of the new 20 pM solution was pipetted to a new tube and diluted with 480 

µL of HT1 buffer to a final concentration of 4 pM. The 4 pM sample was then spiked with 10 % 

PhiX standards before loaded on the cartridge. Sequencing was performed on Illumina MiSeq next 

generation sequencer. 

2.2.5 Determination of Binding Affinity and Specificity   

 The equilibrium dissociation constant (KD) for selected aptamer was determined using a 

chip-selection fluorescent assay. The FAM-labelled aptamer candidates were diluted with PBSM 

buffer to several different concentrations in 100 µL. These aptamers were heated at 95 °C for 10 

min, followed by cooling at -20 oC for 4 min and then incubated for another 5 min at room 

temperature. IgE-coated agarose beads (20 µL) were incubated with the folded aptamers. After 30 

min of incubation, the reaction mixture was injected into the chip-selection chip.  The unbound 

nucleic acid molecules were removed with a syringe and washed with 300 µl of PBSM buffer. The 

aptamer-protein complex remained trapped in the chamber. The fluorescence imaging of the 

aptamer-IgE complex was carried out by fluorescence microscopy (Carl Zeiss Microscopy, LLC) 

and the fluorescent intensities were quantified with ImageJ software. The KD values were then 

calculated by fitting to the one-site saturation equation: Y = BmaxX/(KD+X), where Y is the 
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fluorescence intensity, X is the aptamer concentration and Bmax is the maximum fluorescence 

intensity.     

2.3 Results and Discussion  

2.3.1 Conventional, Chip-Selection, and Full-Chip SELEX 

 Conventional, chip-selection and Full-chip SELEX vary significantly in the aspect of the 

platform used, PCR amplification and the method employed to separate dsDNA into their 

corresponding ssDNA. The first focus of our study is to scrutinize the different strategies or 

configurations used across these three different types of SELEX.  

 Conventional SELEX setup. In this study, conventional SELEX is defined as the SELEX 

process that comprises direct incubation of the IgE protein and the ssDNA library in the 

microcentrifuge tube followed by agarose bead-based separation of target-bound from unbound 

molecules (Figure 2.1a). The target eluted ssDNA molecules were concentrated and subjected to 

PCR amplification before conversion to ssDNA by the biotin-streptavidin separation scheme. Prior 

to the incubation of the ssDNA nucleic acid molecules with the target-immobilized beads, the 

folding of the nucleic acid molecules was achieved by heating at 95 ºC for 10 min followed by 

cooling to RT at 30 min. Subsequent to this, the folded ssDNA molecules were incubated directly 

with the IgE-immobilized NHS agarose beads. The protein molecules, by virtue of the amino 

groups form amide bonds with the activated NHS esters. The remaining unbound sites on the 

surface of the beads were blocked with ethanolamine. It is anticipated that the immobilization of 

the protein on the surface of the beads are random but however are quite stable due to the formation 

of the amide bonds. Incubation of the nucleic acid molecules with the IgE protein immobilized on 

the surface of the agarose beads with slow rotation at RT would permit the formation of various 
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intermolecular interactions such as van der Waals forces, ionic bond, hydrogen bonds and 

hydrophobic interaction between those two molecules. 

 Following the formation of the nucleic acid-target complex, the target-bound nucleic acid 

molecules were separated from unbound nucleic acid molecules. This was achieved by simple 

centrifugation and washing to remove the unspecific binding. Elution at 95 ºC with urea denatures 

IgE and releases the target molecules, which were then concentrated and amplified by PCR. In the 

conventional SELEX, the PCR cycles were kept as minimum as possible and are only increased 

when there is no band at the expected size. As PCR amplification produces dsDNA molecules 

which adopt double-helix configuration, conversion to ssDNA is necessitated [110]. Biotin-

streptavidin method was adopted, whereby the biotinylated PCR amplicon captured by the 

streptavidin-coated beads are denatured into ssDNA after the treatment with NaOH. 

Chip-selection SELEX setup. Different from the agarose bead-based conventional 

SELEX, on-chip affinity selection employed a microfluidic chip to perform the partitioning, 

ssDNA conversion, and binding affinity characterization. All these steps are bead-based in on-chip 

affinity selection (Figure 2.1b). This microfluidic chip was designed with a PDMS-based chamber 

(7.5 mm long, 2.5 mm wide and 240 µm tall) to trap the beads by a weir structure, as shown in 

Figure 1c. The weir structure makes the height of outlet channel (20 µm) smaller than the diameters 

of agarose beads (45 to 165 µm). The hexagonal geometry is adopted because it is favorable for 

eliminating catastrophic bubbles. The complexes of IgE-coated agarose beads and nucleic acid 

molecules were trapped in the chamber, while the unbound nucleic molecules were washed away 

through the outlet. A high partitioning efficiency can be achieved by completely washing away the 

non-binders using the chip-selection chip. The target-bound nucleic acid molecules were eluted by 
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heating the chip on a hotplate at 95 ºC for 5 min. At this temperature, the nucleic acid molecules 

are denatured and released from the target protein.  

After collecting the elution, PCR beads immobilized with biotin reverse primers were 

incubated with the eluted molecules to enable the hybridization between the eluted ssDNA 

molecules with the reverse primers. After removing the unbound templates, bead-based PCR was 

performed on a thermal cycler to generate amplicons. This bead-based PCR can directly generate 

amplicons in two different phases. The amplicons free in the reaction mixture solution are in the 

form of ssDNA, while the molecules hybridized with their complementary strands on the beads 

are in the form of dsDNA. All amplified products including PCR beads were injected into a new 

chip-selection chip. The ssDNA free in reaction mixture solution was collected directly while the 

ssDNA molecules on beads were separated and eluted from their complementary strands by 

heating the chip at 95 °C. The collected ssDNA sample was concentrated to 100 µL for the next 

round SELEX using an ultra-0.5 centrifugal filter. After 4 rounds of SELEX, the pool was collected 

for next-generation sequencing.  

Full -chip SELEX setup. The full -chip SELEX system consists of an integrated chip, a 

syringe pump, a nitrogen tank, a multimeter and a power supply. The Full-chip SELEX chip is the 

centerpiece while the syringe pump supplies the fluid source. The nitrogen tank is used together 

with a splitter to actuate the valves on the Full-chip SELEX chip with pneumatic control. The 

multimeter and power supply are controlled by LabView codes for temperature manipulations in 

the chambers of the Full-chip SELEX chips. Full-chip SELEX chip design is built on the 

previously discussed on-chip affinity selection with the exception that all the SELEX processes 

including PCR amplification were integrated on a single chip. The chamber design was kept the 

same and repeated to accommodate the sequential yet iterative key events in the SELEX processes 
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(Figure 2.1d). The same separation strategy still applies here: retaining beads in the chamber by 

physical size. The chip can be divided into two portions by pneumatic valves: the selection/counter 

selection chambers and an amplification chamber. This compartmentalization ensures the 

independent functioning of each module with high efficacy and efficiency. In Full-chip SELEX, 

the beads are for single use only. With the dual compartments, changing beads by reverse flow 

does not interfere with reactions occurring in the other compartment. Heating/sensing electrodes 

were embedded under the selection and the amplification chamber. The former allows the heating 

and maintaining temperature for heat-induced dissociation, while the latter permits the execution 

of thermal cycles corresponding to PCR conditions. ssDNA of the enriched library is generated in 

situ inside the amplification chamber and can be transferred to the selection chamber without off-

chip handling (automated), obviating the use of syringes or pipettes to transfer the molecules.  

 

Figure 2.1: Aptamer selection procedures of (a) conventional SELEX and (b) microfluidic SELEX. 

Design of (c) on-chip affinity selection chip and (d) full -chip SELEX chip. 

 The workflow of full-chip SELEX is as follows: the selection reactions occur dynamically 

by flowing ssDNA library in the binding buffer through the selection chamber in which agarose 

beads with immobilized targets (IgE in this case) are loosely packed. After passively mixing with 
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the library in a continuous flow, the beads on which target proteins and a portion of the library 

ssDNA form binding complexes, were washed with the binding buffer in order to eliminate the 

non-binders and possibly some of the weak binders. The target-bound ssDNA was then dissociated 

from the complex by heat and transferred to the amplification chamber where they hybridized with 

the reverse primers on the surface of the streptavidin-coated beads. Optionally, when transferring, 

the ssDNA will be passed through the beads in the counter-selection chamber and the counter-

targets on those beads will capture the non-specific binders. PCR mixture containing the reverse 

primer was added to the amplification chamber containing the hybridized DNAs on the surface of 

the streptavidin-coated beads to carry out PCR amplification. During the heating phase at 95 °C , 

the ssDNA can be dissociated and eluted from the PCR beads and transferred to the selection 

chamber to initiate the next round of full-chip SELEX.  

2.3.2 Sequences and Secondary Structures of Aptamer Candidates 

 After the final round of the SELEX, the PCR product was subjected to adapter ligation for 

the Miseq sequencing. To ensure consistency, the concentrations of pools subjected to sequencing 

are the same for each SELEX method during the sequencing process and the sequencing was 

performed in the same batch. The sequencing data was analyzed with AptaSuite toolkit [111]. The 

first 10 most frequent sequences across the three SELEX methods are listed in Table 2.1. 

Analyzing sequences across these 3 types of SELEX methods reveals that on-chip affinity 

selection and full -chip SELEX SELEX have identical sequences (sequence IC1 and IM1). A 

similar sequence ranks the 8th highest in terms of the counts (IG5) out of the first 10 sequences in 

conventional SELEX.  The counts of IC1, IM1, and IG5 are 4236, 24, and 25 counts per million, 

respectively. As a whole, the higher number of counts obtained by on-chip affinity selection for 
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most of the aptamer candidates compared to conventional and full-chip SELEX suggests that on-

chip affinity selection enables a higher degree of enrichment.  

 The secondary structures of the first 5 candidates were predicted using Mfold (zuker 

algorithm) at the specific conditions (165 mM Na+, 2 mM Mg2+, and 25 oC). The secondary 

structural analysis of the first 5 candidates from all 3 types of SELEX procedures have revealed 

that most of the structures formed stem-loop structures. Loop structure is the most favorable region 

for binding to the epitope on the surface of the protein and this structure is stabilized by the stem 

region bracing the loop architecture. Loop structure acts as the recognition element and anchoring 

region at the epitope on the surface of the protein, while the base paired structure is less stringent 

on the sequences of the nucleotides. In fact, many aptamers have been reported to have stem loop 

structures for the recognition of the target [112-114]. The unpaired, single-stranded form of the 

loop region is also able to assume numerous interactions including the intermolecular hydrogen 

bond within the epitope of the target protein[115]. Stem loop structure is immensely appreciated 

as an indispensable element for target recognition to the degree that some starting nucleic acid 

library is also designed with a stable stem loop structure ensconced in the randomized region.   

 The previous IgE aptamer named D17.4 also forms a stem-loop structure [113]. The similar 

structure formed by both the D17.4 and the most aptamer candidates in this study from across 

different types of SELEX implies that the epitope of the IgE favors the selection of the aptamers 

with the stem-loop region. Even though there are several different candidates that could be 

potential aptamers against IgE based on the secondary structures, in this study, to simplify the 

selection of the candidates, only the sequences overlapping with each other across all three 

different types of SELEX methods were chosen for the aptamer validation.  

3ÈÉÓÌɯƖȭƕȯɯ2ÌØÜÌÕÊÌÚɯÍÖÙɯÊÖÕÝÌÕÛÐÖÕÈÓȮɯÊÏÐ×ɪÚÌÓÌÊÛÐÖÕȮɯÈÕËɯÍÜÓÓɪÊÏÐ×ɯ2$+$7ȭɯ/ÙÐÔÌÙɯÙÌÎÐÖÕÚɯÈÙÌɯ
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ÏÐËËÌÕȭɯ"/,ȯɯ"ÖÜÕÛÚɯ×ÌÙɯÔÐÓÓÐÖÕȭ 

SELEX 

Method 

Nam

e 
Sequences CPM 

Convention

al 

IG1 
CGAGGGAAAGTGGGAGGGTGGGGGTAATTGCATGGG

GGTG 
71.24 

IG2 
CGAGGTGTGGGGCAGGTGGGGGTTGGTGGGGGATTG

TGGG 
35.62 

IG3 
GGGGTGGGAGGGGGGTTCTGTGGCGTTCTGTGGGGGC

GGG 
30.28 

IG4 
GGGAGGGTGGACGGGGGGGTTAGTGCTTGGGGTGGC

GGGG 
26.72 

IG5 
CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTC

A 
24.93 

Chip-

selection 

IC1 
CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTC

A 

4235.

9 

IC2 
CTTTATCCGTTTTCTCTCAGTGGGTGTACGGAACTATG

GT 

1729.

6 

IC3 
TTCATCCGTTTCTCTCAGTGGTGCTGGTCCATGCCCCG

TT 

1438.

9 

IC4 
CATTTATCCGTAACTTTTAGTGGTGTGACTGCGGAGG

TGG 

1034.

1 

IC5 
CTTTATCCGTTCTCTTCCAGTGGGTGCTGTACTGTTTG

CG 

504.1

6 

Full-chip 

IM1 
CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTC

A 
23.68 

IM2 
AAATGTCTCTCTTATATTCGTATCCTATGTGTACCCAA

TG 
6.96 

IM3 
TTACGATTGCTTATTTTCTTTTTTACCCGTCTTGGATGT

C 
6.96 

IM4 
TTATACATTTGAAACCAGTATCTTATCATTAGTTTTTT

TG 
6.96 

IM5 
ACTATACTAACACCTAACAAGTTAGGGTTACTTTCAC

GTT 
6.96 

    

 

2.3.3 Affinity and Specificity to IgE 

 The overlapping sequence (named IGE1) shared by the enriched pools from the three 

SELEX strategies (IG5, IC1 and IM1 from conventional, microfluidic-selection and full-chip 

SELEX, respectively) was chosen as an IgE-binding aptamer candidate for further validation. The 
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affinity of IGE1 against IgE was determined with chip-selection bead-based fluorescence assay. 

The FAM-labelled IGE1 with different concentrations were incubated with 20 µL of IgE-coated 

agarose beads. Then, these IgE agarose beads were injected into the chip to remove the unbound 

aptamers. After washing, the fluorescence imaging was carried out using a fluorescence 

microscope and the fluorescence intensities were analyzed with software ImageJ. The triplicate 

signals were averaged for each concentration of IGE1. The KD value was calculated by fitting to 

the one-site saturation with non-linear regression analysis using Graph Pad Prism[116]. The KD 

value of IGE1 was estimated at 96.2 ± 9.4 nM (Figure 2.2).  

 

Figure 2.2: Affinity characterization of selected aptamer. (a) Determination of the equilibrium 

dissociation constant for IgE with aptamer IGE1. (b) Secondary structure of aptamer IGE1. 

2.3.4 Comparison of Three SELEX Strategies  

 The key steps of the three SELEX methods were compared to examine the enrichment 

efficiency, time and cost. These steps include incubation of the single-stranded nucleic acids with 

the target protein, separation of the target-bound nucleic acids from the unbound molecules, and 

PCR amplification and single-stranded DNA generation. The incubation of the single-stranded 

nucleic acids and the target takes approximately 30 min across conventional, on-chip affinity 
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selection and Full-chip SELEX. The amount of initial ssDNA used for incubation with the target 

IgE is 2 nmol. The amount of the target protein is measured in terms of the volume of the IgE-

immobilized agarose beads used, which is approximately 30 µL in each SELEX cycle. 

 Partitioning in any SELEX experiment refers to the separation of the target-bound nucleic 

acid molecules from the unbound nucleic acid molecules. In the conventional SELEX, separation 

is achieved via a brief centrifugation-mediated separation. Centrifugation separates the supernatant 

and the resulting sediment, which are the aptamer-protein complexes. The supernatant was 

removed and the sediments were washed with the binding buffer. After the washing steps, the 

bound molecules are eluted by heat-based elution. The heat treatment denatures the IgE-bound 

nucleic acid molecules, releasing them into the denaturant urea. In both the chip-selection and Full-

chip SELEX, the separation is much more efficient, as the aptamer-protein complexes are trapped 

in the hexagonal geometrical chamber, whereby the height of the outlet channel (20 µm) is smaller 

than the diameters of agarose beads (40-130 µm). The excellent partitioning step of the chip-

selection and Full-chip SELEX allows for a much more flourishing enrichment compared to the 

conventional SELEX based on the number of counts obtained. In the on-chip affinity selection, 

the enrichment counts are 4236 counts per million after 4-round SELEX, which is much higher 

than that of conventional SELEX (25 counts per million after 4 rounds), as shown in Figure 2.3a. 

This is because that on-chip affinity selection combined the high-efficiency of tube-based 

incubation (nucleic acid library and IgE-coated agarose beads) of conventional SELEX and much 

more efficacious partitioning of microfluidic chips compared to the agarose bead-based 

partitioning. 

 When it comes to PCR amplification, the time taken for the conventional SELEX is much 

faster as approximately a maximum of 12 cycles are taken for amplification of the target-eluted 
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ssDNA molecules. The time period for bead-based PCR amplification is longer, as more cycles of 

PCR amplification are required. Higher number of PCR cycles are needed to compensate for the 

rate-limiting step incurred by the immobilized reverse primers on the surface of streptavidin beads, 

which are much lower in concentration compared to the free primer in the PCR mixture employed 

in conventional SELEX. The PCR amplicon in conventional SELEX was analyzed via agarose gel 

electrophoresis followed by ethidium bromide staining while in on-chip affinity selection, 

fluorescent imaging of the beads is carried out to determine the extent of amplification. Though 

the imaging of the amplicons in on-chip affinity selection is much faster, the trade-off is the 

inability to view the integrity of the resulting dsDNA, which can only be possibly achieved with 

agarose gel electrophoresis followed by ethidium bromide staining. On the other hand, the PCR 

amplification in full-chip SELEX is integrated on the Full-chip SELEX chip with temperature 

control by on-chip electrodes and Labview codes. 

 We realized that the most time-consuming and arduous step in a conventional SELEX is 

ssDNA generation following PCR amplification. The dsDNA is converted to ssDNA using biotin-

streptavidin separation. The biotinylated PCR product immobilized on the surface of the 

streptavidin beads are denatured using NaOH, which dissociates the ssDNA from its 

complementary biotinylated strands that remain attached to the beads. On the contrary, the ssDNA 

generation for both chip-selection and Full-chip SELEX is much faster as heat-based elution is 

used to elute the ssDNA molecules that form duplex with the immobilized reverse primer on the 

surface of the streptavidin agarose beads. The elution is achieved within 5 minutes and the eluted 

molecules are concentrated prior to the next round of SELEX. 

 In the conventional SELEX, automation is absent as all the collection of the elution is 

achieved via pipetting. In the on-chip affinity selection, these steps assisted by syringe pumps are 
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automated, including washing, elution, and ssDNA conversion. In Full-chip SELEX, essentially 

all steps are automated and integrated. The gold electrodes underneath the selection chamber are 

controlled by Labview codes for temperature control. They can be used for isothermal selection 

conditions as well as heat release of the bound ssDNA. In the amplification chamber, the electrodes 

can also be used for thermal cycling and the temperatures can be adjusted to accommodate various 

PCR protocols. 

 In a typical conventional SELEX experiment, the total amount of time spent from the 

incubation to the generation of ssDNA for the next round of SELEX is approximately 8-9 hours. 

We realized that the most time-consuming step is the PCR amplification followed by the 

conversion of the dsDNA into ssDNA, which would require 2-3 hours. A total of one day is 

required for a complete conventional SELEX cycle, which in total would need an amount of 4 

days for 4 cycles of SELEX (Figure 2.3b). In terms of cost, it was estimated that the cost needed 

for the first round of conventional SELEX is approximated at 45 USD and 43.5 USD for the 

subsequent rounds of SELEX. The total cost of a conventional SELEX can be approximated at 

176 USD (Figure 2.3c). As for the cost, the majority of the expenditure accounts for the 

streptavidin-coated bead, which would consume 20 USD per SELEX round. Compared with 

conventional SELEX, on-chip affinity selection is very fast, which only requires 2.5 hours per 

round. In total, a total of one day is required to carry out 3-4 rounds of SELEX. This is because in 

chamber SELEX, bead-based PCR is employed to directly generate the ssDNA and thus averting 

the step of streptavidin bead-based ssDNA generation as in conventional SELEX. The cost of in 

chamber SELEX is estimated at 13 USD for the first round and 11.5 USD for other rounds. The 

total cost for 4 rounds of on-chip affinity selection is 48 USD, which is much lower than that of 

conventional SELEX (Figure 2.3c). The fastest SELEX procedures among all the 3 types is Full-
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chip SELEX. A typical time scale for a 4-round SELEX is usually 9 hours including setup. Because 

of integration and small scale, full-chip SELEX is also cheaper than the conventional SELEX. The 

cost for 1st round full-chip SELEX is about 7.1 and 5.6 USD for other rounds. The total cost of a 

4-round full-chip SELEX is estimated to be 52 USD, including the 28 USD for chip fabrication. 

 

Figure 2.3: Comparison of the three SELEX methods in terms of (a) enrichment, (b) total time, and 

(c) total cost used for SELEX process. All results are from round 4 against IgE of each method. 

2.4 Conclusion  

 In this chapter, we have performed a comparison study of aptamer isolation with different 

SELEX methods including agarose bead-based conventional SELEX, microfluidic chip-selection 

SELEX, and full-chip SELEX. Experimental results showed that these methods all succeeded in 

isolating aptamers against the IgE protein. In particular, all three methods identified the aptamer 

IGE1, which has a high affinity (KD = 96.2 ± 9.4 nM) for IgE while showing negligible binding to 

the controls. Comparison of the results has allowed us to observe the characteristics of the three 

aptamer isolation methods. Conventional SELEX is labor-intensive, time-consuming and high in 

reagent use. Chip-selection SELEX offers the highest aptamer selection efficiency in removing 

non-binding molecules (compared with conventional SELEX) and the high PCR effectiveness 
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(compared with full-chip SELEX). Full-chip SELEX, by use of bead-based PCR to provide a 

tradeoff between the effectiveness of PCR and efficiency of amplification product processing, 

allows on-chip extraction of ssDNA from dsDNA, thereby addressing the most resource and time-

consuming step in the other two methods. As such, full-chip SELEX minimizes labor-intensive 

manual operation, facilitates automation, reduces reagent consumption, and allows considerably 

faster isolation of aptamers. 
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Chapter 3: Microfluidic  Isolation of Anti -Idiotype Aptamers for 

Quantification of Human Monoclonal Antibodies Against SARS-

CoV-2 Spike Protein 

3.1 Introduction  

 Therapeutic monoclonal antibodies (mAbs) play a well-established role in treating cancers 

and autoimmune disorders [117-119]. With global outbreak of coronavirus disease 2019 (COVID-

19), caused by the SARS-CoV-2 virus, the significance of combinations of mAbs against its spike 

(S)-protein was also firmly demonstrated, as a therapeutic option for all individuals at increased 

risk, those who cannot receive vaccines, or before efficient vaccines become available [5, 120].  

The new variants of virus continue to emerge in regular intervals, thus, reformulations of 

therapeutic combinations from libraries of existing monoclonal antibodies might be necessary to 

combat variants that evade all previous antibody combinations or existing vaccines. In this context 

and using our original hybridoma fusion-based approach to generate fully human monoclonal 

antibodies [121], we have been continuously collecting peripheral blood lymphocytes from  

patients who survived different variants of SARS-CoV-2, and use them to generate a broad 

inventory of S-protein specific mAbs. Each new combination of therapeutic antibodies would, 

however, require rapid, yet full pharmacokinetic characterization of individual antibodies in 

mixtures, both in healthy volunteers and initial patients. To achieve this, we would require 

companion reagents that specifically recognize individual human antibodies in these mixtures, 

against the background of all other immunoglobulins that are present in serum at the same time. 

With this approach on mind, we describe here a general, highly practical protocol to isolate 
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companion anti-idiotype aptamers [122, 123], which are oligonucleotide-based ligands specific to 

individual human antibodies that, here, bind to viral S-protein.  

 Idiotypes refer to molecular structures within variable regions of antibodies and that also 

comprise their antigen binding sections. Thus, in principle, for each antibody, we could isolate 

companion idiotype-binding (ñanti-idiotypeò) reagents, while choosing those that would be 

specific for only that antibody (anti-idiotype reagents that are shared between non-analogous 

antibodies and that are true molecular imprints of immunogens are beyond the scope of the current 

work). The standard approaches to targeting idiotypes rely on either anti-idiotype antibodies or 

antigen mimotope peptides [124, 125], but these affinity reagents suffer from shortcomings such 

as lengthy manufacturing time (several months), high manufacturing costs, and batch-to-batch 

variability. Recently, aptamers have garnered considerable attention due to their unique advantages 

over protein-based affinity reagents, including ease of synthesis and modification, low cost, 

thermal stability, reversible binding capabilities, and no batch-to-batch variability [27, 122, 126]. 

Typically, aptamers are obtained through a process involving recursive affinity separation of 

binders, followed by their polymerase chain reaction (PCR) amplification from large libraries of 

random oligonucleotides. This process is commonly referred to as systematic evolution of ligands 

by exponential enrichment (SELEX) [55, 56]. While there has been an increasing number of 

aptamers reported for targeting idiotypes or variable regions of antibodies, traditional methods of 

aptamer isolation remain resource-intensive, time-consuming and laborious, often necessitating 

approximately 10 or more rounds of SELEX. For instance, Missailidis et al. isolated aptamers 

against an anti-MUC1 monoclonal antibody using a 10-round benchtop SELEX procedure with 

both affinity selection and PCR amplification performed in tubes [39]. Hu et al. obtained aptamers 

for an anti-saxitoxin antibody through 16 SELEX rounds with the antibody coated on the surface 
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of a 96-well plate to which solution-borne library ssDNA molecules were exposed for affinity 

selection [127]. Similarly, Wang et al. isolated aptamers for anti-zearalenone antibody from 15 

SELEX rounds with the antibody coated on 96-well plate surfaces for affinity selection [128]. 

Saito et al. isolated aptamers for a humanized monoclonal antibody targeting vascular endothelial 

growth factor A using 14 SELEX rounds, wherein the antibody was immobilized on magnetic 

beads and affinity selection was performed in tubes [43].  

 This chapter presents a method for rapid and streamlined isolation of aptamers targeting 

idiotypes of mAbs specific to S-protein of SARS-CoV-2 virus, with potential applications in 

quality control in antibody manufacturing, pharmacokinetic characterization, and antibody 

monitoring for both healthy volunteers and just-infected patients. We employ microfluidic 

technology to streamline the process of isolating anti-idiotype aptamers targeting monoclonal 

antibodies for S protein. Aptamer isolation can be completed in a significantly reduced number of 

rounds of SELEX. In addition, we overcome the challenge of validating aptamers for specific 

idiotype-targeting by using transmission electron microscopy (TEM) to directly observe the 

interaction between aptamers and idiotype regions of monoclonal antibodies. Furthermore, 

achieving near real-time monitoring of mAb production and capturing rapid change of 

physiological mAb levels during therapy are in general difficult using conventional methods such 

as enzyme-linked immunosorbent assay (ELISA), which is often time-consuming (several hours, 

sometimes overnight) and labor-intensive. We combine the anti-idiotype aptamers and graphene-

based affinity nanosensors to enable rapid, label-free, and sensitive quantitation of antibody 

concentration to inform timely decision-making in both manufacturing and therapeutic contexts. 

In our experiments, anti-idiotype aptamers with sub-nanomolar affinity toward anti-S protein 

monoclonal antibodies were isolated within just 5 rounds of SELEX within two days, which 
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represented a significant improvement when compared to conventional methods whose completion 

requires 10-16 SELEX rounds in up to a month. Employed in graphene-based affinity nanosensors, 

these isolated aptamers then allowed rapid measurements of antibody concentration in human 

serum (tested in 4 minutes). With these characteristics, our anti-idiotype aptamers can potentially 

be used for monitoring of monoclonal antibody drugs for COVID-19. 

3.2 Experimental Section 

3.2.1 Materials and Reagents  

 Convalescent sera and matching peripheral blood from survivors of COVID-19 were 

collected under IRB approved protocol. Peripheral blood mononuclear cells (PMNCs) were 

isolated and fused with human hybridoma fusion partner cell line MFP-2 as described earlier with 

some modifications [121]. Briefly, PMNCs were depleted of T-cells using negative magnetic 

isolation (EasySepÊ Human T Cell Isolation Kit). B-cells were collected and expanded on mouse 

fibroblast cells L4.5, expressing human CD-4L (kind gift of Dr. Sonia Néron from the Département 

de Biochimie et Microbiologie, Université Laval, Sainte-Foy, Québec, Canada). Expanded B-cells 

were fused to MFP-2 and the resulting hybridomas were tested in ELISA using immobilized Spike 

protein (D164G variant). Selected hybridomas were clones twice, adopted to serum-free media 

and antibodies were isolated using Protein A/G isolation protocol (BioRad). All oligonucleotides 

were synthesized by Integrated DNA Technologies (Coralville, IA). Libraries of single-stranded 

DNA (ssDNA) contain a 40-mer randomized region linked to 20-mer primer-binding sequences at 

both ends (library for Am6H2 and TNX1 antibodies: 5ô-FAM-ACGGCCGGGGATATTGATTG-

40N-ACCCTCATGTGCACTGTACG-3ô, library for TNX7 antibody: 5ô -FAM-

AGTGACCGAATCCAAACCCT-40N-TCCATAGGGGTAAGGCTGCT-3ô). Spike proteins of 

original strain SARS-CoV-2 were purchased from ACROBiosystems. MgCl2 and molecular 
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biology grade water were procured from Sigma-Aldrich (St. Louis, MO). Deoxyribonucleotide 

triphosphates (dNTPs) and GoTaq® Flexi DNA polymerase were obtained from Promega Corp. 

(Madison, WI). Dulbeccoôs phosphate buffered saline (PBS) and streptavidin coupled agarose 

beads (Pierce Streptavidin Agarose) were procured from ThermoFisher Pierce (Waltham, MA). 

Protein A/G PLUS-Agarose beads were purchased from Santa Cruz Biotechnology (Dallas, TX).  

NHS-activated Sepharose® 4 Fast Flow beads and 10 kDa amicon ultra-0.5 centrifugal filter unit, 

1-Pyrenebutyric acid N-hydroxysuccinimide ester (PASE), ethanolamine, BSA, and human serum 

(H4522-20ML) were purchased from MilliporeSigma (Burlington, MA). Human IgE protein was 

purchased from BioFront Technologies (Tallahassee, FL). Dow SYLGARDÊ 184 Silicone 

Encapsulant Clear Kit was purchased from Ellsworth Adhesives (Germantown, WI). Single-layer 

chemical vapor deposition (CVD) graphene was ordered from Graphenea Incorporation 

(Massachusetts, USA). 

3.2.2 Immobilization of Antibodies on Microbeads 

 Antibodies are immobilized on beads for positive selection and counter selection. To 

prepare positive selection beads, 100 µL of protein A/G beads were rinsed three times with 300 

µL of selection buffer (PBS with 2 mM MgCl2) and incubated with 100 µg of Am6H2 IgG 

antibodies on a homemade rotator for 1 h at room temperature (RT). After washing three times 

with 300 µL of selection buffer, the target antibody-coated beads were suspended in 300 µL of 

selection buffer. Polyclonal IgG antibodies were immobilized on NHS-activated agarose beads as 

counter-selection beads. The NHS-activated agarose beads allowed random immobilization 

instead of orientated immobilization of antibodies, thus making the constant region of antibody 

exposed to ssDNA library. An aliquot of 300 µL of NHS-activated SepharoseTM 4 Fast Flow 

slurry was washed three times with 500 µL of PBS buffer. Then, 300 µg of polyclonal IgG was 
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incubated with 200 µL of NHS-activated agarose beads on a rotator at RT for 1 h. Following 

washing three times with 500 µL of PBS buffer, the agarose beads were incubated with 100 mM 

of ethanolamine for 30 min at RT. The unbound ethanolamine was washed 3 times with PBS buffer. 

Finally, the polyclonal IgG beads were suspended in 500 µL of selection buffer.  

3.2.3 Microfluidi c Isolation of Anti -Idiotype Aptamers  

 Aptamers are isolated through a process of recursive affinity separation of binders followed 

by their amplification from large libraries of random oligonucleotides. This process is usually 

called systematic evolution of ligands by exponential enrichment (SELEX) [55, 56]. Anti-idiotype 

aptamers against anti-S human monoclonal IgG1 antibodies, Am6H2, TNX1, and TNX7, were 

isolated using microfluidic SELEX. The microfluidic chip was shown in Figure 3.1. The 

microfluidic chip consists of six hexagonal chambers (each 7.5 mm long, 2.5 mm wide and 200 

µm tall), in which microbeads were trapped via a weir-like structure. The hexagonal shape can 

minimize the trapping of bubbles. The weir structure made the height (20 µm) of outlet channel 

smaller than the diameter of microbeads (45~165 µm). Thus, these beads can be uniformly packed 

in the microscale chamber, allowing for efficient interaction of molecules in a flowing stream with 

bead-immobilized molecules. The device was fabricated using standard multilayer soft lithography 

techniques that was described elsewhere [129-131]. Briefly, SU8 and silicon wafers were used to 

create master molds bearing the device design. PDMS was then poured onto the master molds, 

cured, peeled, cut, and bonded onto the glass slide (Figure 3.1).  
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Figure 3.1: Microfluidic chip for aptamer isolation. (a) Schematic illustration of fabrication of the 

microfluidic chip. (b) A fabricated microfluidic chip. The height of microchamber is 200 µm. The 

height of outlet microchannel is 20 µm caused by weir structure. The diameter of the agarose 

microbeads is 45~165 µm with an average diameter of ~90 µm. 

 Five nmol of an initial randomized single-stranded DNA (ssDNA) library (FAM-labelled) 

diluted in 200 µL of selection buffer was heated at 95oC for 10 min and immediately cooled at -

20 oC for 4 min, followed by incubation at room temperature for 15 min to fold the ssDNA 

molecules. The prepared library was first incubated with 100 µL of polyclonal IgG-coated beads 

and 100 µL of protein A/G beads to remove the non-binders. Target IgG-coated beads were 

injected into the positive selection chamber, and a mixture of polyclonal IgG and protein A/G 

beads was injected into the counter selection chamber, where the beads were tripped by weir 

structures. The prepared library was introduced into counter selection chamber with a flow rate of 

10 µL/min to remove the background binders (binding to protein A/G beads) and constant region 

binders in the ssDNA library. After flowing through the counter selection chamber, library was 

introduced into the positive selection chamber along a tube connecting the two chambers to 

incubate with the target IgG antibodies. Following this incubation, a 100 µL of washing buffer 

was introduced into the positive selection chamber at a flow rate of 20 /min to remove the weakly 
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binding and nonbinding oligonucleotides. Upon completion of washing, the binding 

oligonucleotides were released by heating the positive selection chamber to 95 oC on a hotplate 

for 1 min and a 20 µL of elution was collected for PCR amplification. Asymmetric PCR (with a 

20:1 ratio of forward primer to reverse primer) was performed in a 100 µL mixture containing 10 

µL of the elution solution as a template, 1 µL of 100 µM FAM -labeled forward primer, 5 µL of 1 

µM biotin -labeled reverse primer, 0.5 µL of 5 U/µL Gotaq DNA polymerase, 2 µL of 10 mM 

dNTPs, 8 µL of 25 mM MgCl2, 20 µL of Gotaq 5  reaction buffer, and 53.5 µL of nucleic acid 

free H2O. Asymmetric PCR amplification with 25 cycles was performed on a thermal cycler using 

following parameters: an initial denaturation at 95 °C for 3 min followed by amplification cycles 

at 95 °C for 30 s, annealing at 57 °C for 30 s, extension at 72 °C for 40 s and final extension at 

72 °C for 2 min. Then, buffer exchange was performed for the asymmetric PCR amplicons by 

using a 10 K MWCO centrifugal filter. Finally, a 100 µL of asymmetric amplicons in PBSM buffer 

was obtained and used for next-round selection by injecting (flow rate: 10 µL/min) into new 

counter selection chamber and positive selection chamber filled with the protein A/G and poly 

IgG-coated beads and target IgG antibody-coated beads, respectively. Meanwhile, affinity of 

enriched pools toward the target IgG antibody beads was monitored by an inverted fluorescence 

microscopy (Carl Zeiss Microscopy, LLC) equipped with a X-Cite 120 LED Boost System. Once 

high-affinity pools were observed, the enriched pool of the last round was sequenced by the next-

generation high-throughput sequencing technology (Azenta Life Sciences, New Jersey). The 

sequencing data was analyzed using the AptaSuite toolkit [111]. The secondary structures of 

selected aptamer candidates were predicted with the Mfold software (zuker algorithm) [132] at the 

specific conditions (165 mM Na+, 2 mM Mg2+, and 25oC). The motif analysis was performed by 

MEME Suite [133].       
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3.2.4 Determination of Aptamer Affinity and Specificity 

 The equilibrium dissociation constant (KD) for selected aptamer was determined using a 

bead-based fluorescent binding assay. The FAM-labelled aptamer candidates were diluted with 

PBSM buffer to several different concentrations (100 µL). These aptamers were heated at 95°C 

for 10 min, followed by cooling at -20oC for 4 min and then incubated for another 15 min at room 

temperature (This process was always done before using aptamers for all experiments below). IgG-

coated beads (20 µL) were incubated with the folded aptamers. After incubation on a homemade 

rotator at room temperature for 30 min and washing with 200 µL washing buffer for three times, 

images were acquired by the inverted fluorescence microscopy. The average fluorescence intensity 

was quantified with ImageJ software. The KD values were then calculated by fitting with Y = 

BmaxX/(KD+X), where Y is the fluorescence intensity, X is the aptamer concentration and Bmax is 

the maximum fluorescence intensity. The specificity of the aptamers against target IgG antibodies 

was also characterized with the assay by using other protein-coated beads as controls.                     

3.2.5 Aptamer-Based Pull-Down Assay 

 Biotinylated aptamers (30 µL, 100 µM) were incubated with 200 µL of streptavidin beads 

with gentle mixing end-over-end on a homemade rotator at room temperature for 30 min. After 

washing with PBSM buffer for six times, the aptamer-beads are suspended in 200 µL PBSM buffer, 

stored at 4 oC. Dual-aptamer sandwich assay was performed to verify that the target IgG antibody 

has been successfully captured by aptamer-bead. A 20 µg of IgG antibody spiked in 20 µL PBSM 

buffer was incubated with the aptamer-beads (5 µL, supernatant removed before incubating with 

antibodies) on a homemade rotator at room temperature for 30 min. After washing with PBSM 

buffer for three times, the beads were incubated with a FAM-labelled second aptamer (50 µL, 1 

µM) at room temperature for 5 min. After washing with PBSM buffer for three times, the 
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fluorescence images of these beads were carried out by fluorescence microscopy and the 

fluorescence intensity on the beads was determined by ImageJ. Furthermore, the IgG antibody 

captured on the beads was released to be characterized by non-reduced SDS PAGE. After washing 

with PBSM buffer for three times, the beads were heated to 95 oC for 5 min to release the captured 

IgG. The elution (24 µL) was mixed with 6 µL of 5X loading buffer (10% w/v SDS, 10 mM 

Dithiothreitol, 20% w/v Glycerol, 0.2 M Tris-HCL with pH 6.8, and 0.05% w/v bromophenolblue) 

and loaded into the non-reduced 10% SDS-PAGE acrylamide gel. The gel was run in running 

buffer (25 mM Tris-HCL, 200 mM Glycine, 0.1% w/v SDS) at 120 V until the bromophenolblue 

in the loading buffer had migrated to end of the gel (typically taking about 1 hour). The gel was 

then stained with SYPRO RUBY (Invitrogen/ThermoFisher Scientific) and destained overnight 

prior to photography. In addition, pull-down assay was carried out to prove that the aptamer is 

binding to fragment antigen-binding (Fab) region of IgG antibody. IgG antibodies were first 

digested into F(abô)2 and Fc fragments by using the IdeS enzyme following the instruction of 

FragITÊ kit (Cat. No. A0-FR6-010, Genovis). Then, 20 µg of digested IgG fragments were 

incubated with the aptamer-beads (50 µL, supernatant removed before incubating with antibodies) 

on a homemade rotator at room temperature for 30 min. After washing with PBSM buffer three 

times, the captured fragments on beads were released to be characterized by the non-reduced SDS-

PAGE gel. The biotinylated reverse primer (/5Biosg/CG TAC AGT GCA CAT GAG GGT) was 

used as the control aptamer. 

3.2.6 Electron Microscopy and Image Processing 

 Antibody and biotinylated aptamer-streptavidin were incubated at a molar ratio of 1:2 for 

1 hour at room temperature, and then diluted to 0.013 mg/mL-1 immediately before negative 

staining with 2% (w/v) uranyl formate. The negative-stain samples were imaged at room 



 

54 

 

temperature with a Hitachi HT7800 electron microscope. Images were recorded using Leginon on 

a TVIPS F416 camera using a defocus of ~2 ɛm and a nominal magnification of 120,000×, 

resulting in a pixel size of 1.77 ¡. A total of 18,406 particles were automatically picked from 114 

images and windowed into 256×256-pixel images with program e2boxer_old.py of the EMAN2 

software package. After reduction of the images to 64 × 64 pixels, the particles were centered, 

aligned to each other, and classified with the iterative stable alignment and clustering (ISAC2) 

procedure implemented in the SPHIRE software package, specifying 100 images per group and a 

pixel error threshold of 0.7. After 3 generations of ISAC, 100 classes were obtained, accounting 

for 11,551 particles (62.8% of the entire dataset). Averages of these classes were calculated using 

the original 256×256-pixel images.  

3.2.7 Competitive Assay with S Protein 

 FAM-labelled aptamers were heated at 95 °C for 10 min, followed by cooling at -20 oC for 

4 min and then incubated for another 15 min at room temperature. The bead-immobilized target 

IgG antibody (10 µL) was treated with 100 µL of 1 µM aptamer with gentle mixing end-over-end 

on a homemade rotator at RT for 30 min. After washing with PBSM buffer for three times and 

removal of supernatant, the beads were incubated with 30 µL of 0-500 nM of S protein with gentle 

mixing end-over-end on a homemade rotator at RT for 5 min. BSA was used as a control of the S 

protein. After washing with PBSM buffer for three times, the fluorescence images were obtained 

by an inverted fluorescence microscopy and the fluorescence intensity on beads were analyzed by 

ImageJ. To verify that the S protein was binding to the antibody, 50 µL of 1 µM Cy3-labelled anti-

His tag aptamer [131] was used to label the S protein by binding to the His tag on the S protein.   
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3.2.8 Antibody Detection Protocol 

 To verify that the aptamer can be applied for antibody drug monitoring, graphene-based 

field-effect transistor (GFET) nanosensor was combined with the aptamers to detect the antibody 

in human serum. The nanosensor is a GFET that consists of a graphene-based conducting channel 

connected to gold drain, source, and gate electrodes. The aptamer specific to the target IgG 

antibody was immobilized on the graphene with a linker of 1-pyrenebutanoic acid succinimidyl 

ester (PASE). The fabrication of the graphene nanosensor was described elsewhere [134, 135]. 

Briefly, 50 nm of Cr/Au electrodes (3 nm/47 nm) were patterned onto the SiO2 wafer as a substrate 

via lift -off photolithography processes. A monolayer graphene was transferred onto the drain-

source electrode as conducting channel using a polymethyl methacrylate (PMMA) carrier layer. 

After removing the PMMA with acetone, PASE was immobilized on the graphene through 

-́  ́stacking as a linker to link the 5ô amino-conjugated aptamer. Then, the unreacted PASE was 

passivated by ethanolamine. Finally, an opening 5 mm in diameter was cut through a 2 mm-thick 

sheet of polydimethylsiloxane (PDMS), which was bonded reversibly to the nanosensor chip. The 

opening formed a well exposing the graphene to the liquid sample held therein during experiments 

(Figure 3.2). The antibodies with varying concentration were spiked in a 0.1  human serum and 

incubated with the sensor for 4 min before measurements. The electrical properties and transfer 

curves were characterized by two Keiteley 2400 digital sourcemeters under control of LabVIEW 

programs. 

https://www.sciencedirect.com/topics/chemistry/methacrylate
https://www.sciencedirect.com/topics/chemistry/polyimide-macromolecule
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Figure 3.2: Aptameric graphene affinity nanosensor. (a) Schematic of the graphene nanosensor. 

The nanosensor is configured as an electrolyte-gated graphene field effect transistor, and is 

integrated with a PDMS microfluidic well  for liquid sample  handling. (b) Micrograph of a 

nanosensor. 

3.3 Results and Discussion 

3.3.1 Microfl uidic Isolation of Aptamers for Three Antibodies 

Microfluidic SELEX was conducted to isolate anti-idiotype aptamers for monoclonal 

antibodies Am6H2, TNX1, and TNX7. We adopted a SELEX procedure previously reported by 

our group [131], with some modifications to enhance the efficiency of anti-idiotype aptamer 

isolation. Specifically, a mixture of polyclonal IgG beads (NHS-activated beads) and protein A/G 

beads was used for counter selection (Figures 3.3a). Here, NHS-activated beads were used to 

immobilize polyclonal IgG as counter targets because the covalent attachment allows for random 

immobilization instead of orientated immobilization of antibodies [136, 137] and thus the constant 

regions of the antibody are maximumly exposed to the ssDNA library, facilitating the removal of 

non-anti-idiotype aptamers. We monitored the selection process by characterizing the affinity of 

each enriched pool for IgG-coated beads in the chambers. The initial ssDNA library and forward 

primer were fluorescently labeled with FAM, allowing us to measure the fluorescence intensity of 

FAM-labeled ssDNA molecules binding to the antibody-coated beads. This enabled us to track the 

affinity of the ssDNA pools for these antibody-coated beads throughout each selection round. After 
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three rounds of SELEX, fluorescence intensities on target antibody-coated beads increased 

significantly, while negligible changes were observed for counter target-coated beads (Figures 

3.3b-d), indicating that enriched pools with high affinity and specificity to target antibodies were 

obtained. The fifth-round pool was then sequenced using next-generation sequencing technique 

and analyzed with the AptaSuite toolkit [111]. The sequences were aligned based on the number 

of copies out of a total of obtained sequences (53,147 for Am6H2, 38,476 for TNX1 and 69,355 

for TNX7) after filtering sequences inconsistent with the library in lengths and primer regions. The 

first 20 most abundant sequences for antibody (Am6H2, TNX1, and TNX7) were listed in Tables 

3.1-3.3, respectively. 

 

Figure 3.3: Microfluidic isolation of anti -idiotype aptamers toward monoclonal IgG antibodies. 

(a) Schematic illustration of the microfluidic SELEX process, where counter selection was used to 

remove background aptamers bound to protein A/G beads and constant region  of IgG antibodies. 

Fluorescence intensity of each enriched pool binding to bead-immobilized antibodies (b) Am6H2, 

(c) TNX1, and (d) TNX7, as well as counter targets, including polyclonal IgG and protein A/G.  
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3ÈÉÓÌɯƗȭƕȯɯ3ÏÌɯÔÖÚÛɯÈÉÜÕËÈÕÛɯƖƔɯÚÌØÜÌÕÊÌÚɯÐÕɯÌÕÙÐÊÏÌËɯ×ÖÖÓɯÈÎÈÐÕÚÛɯ Ôƚ'ƖɯÈÕÛÐÉÖËàȭ 

ID Sequence 
Abundance 

(%) 

AH-

Apt1 

ACGGCCGGGGATATTGATTGCCGGTGCTGGGCGTAGGCAAT

TATACCGGCCGGTACGGCAACCCTCATGTGCACTGTACG 
19.7 

AH-

Apt2 

ACGGCCGGGGATATTGATTGGCCGGGCGTCCGGTGCTGGGC

GTAGGACGCCGGTGGTGGAACCCTCATGTGCACTGTACG  
11.3 

AH-

Apt3 

ACGGCCGGGGATATTGATTGTAGGGGCCCGGTGCCGGGCGT

AGGGACCCGTAACATCGACACCCTCATGTGCACTGTACG 
10.5 

AH-

Apt4 

ACGGCCGGGGATATTGATTGAGCCCGCGGCGGTGCTGGGCG

TAGCTGCGGGTGTTGAGGAACCCTCATGTGCACTGTACG 
9.7 

AH-

Apt5 

ACGGCCGGGGATATTGATTGAGGGGCAGATCGGTGCTGGGC

GTAGATCTGCCTTGGGAGGACCCTCATGTGCACTGTACG 
9.7 

AH-

Apt6 

ACGGCCGGGGATATTGATTGTAGTAGAAGCTGCGGTGCTGG

GCGTAGCAGCTTCCGCCGTACCCTCATGTGCACTGTACG 
9.3 

AH-

Apt7 

ACGGCCGGGGATATTGATTGTTCAACGGCGGCGGTGCCGGG

CGTAGCCGCCGAGATTGAGACCCTCATGTGCACTGTACG 
9.3 

AH-

Apt8 

ACGGCCGGGGATATTGATTGCCACCCGGTGCCGGGCGTAGG

GGGGCTTATTACACGGCCAACCCTCATGTGCACTGTACG 
8.9 

AH-

Apt9 

ACGGCCGGGGATATTGATTGCCCGGTCGTGTGGGTATATCGG

TGCTGGGCGTAGATATTAACCCTCATGTGCACTGTACG 
8.9 

AH-

Apt10 

ACGGCCGGGGATATTGATTGTCAGCCACCCCGTTGCCGGGC

GTAGGGGTGGGATGCTTGAACCCTCATGTGCACTGTACG 
8.1 

AH-

Apt11 

ACGGCCGGGGATATTGATTGGAGATTGCCCGGTGCCGGGCG

TAGGGCAATTGAAGCTTCGACCCTCATGTGCACTGTACG 
7.7 

AH-

Apt12 

ACGGCCGGGGATATTGATTGTTACCAGAGAAGTGGCGGTGC

TGGGCGTAGCCACGAATCTACCCTCATGTGCACTGTACG 
7.3 

AH-

Apt13 

ACGGCCGGGGATATTGATTGTGTCGCGATGCGGTGCTGGGC

GTAGCCGCGACAGGAGTAGACCCTCATGTGCACTGTACG 
6.9 

AH-

Apt14 

ACGGCCGGGGATATTGATTGCCTGGCCGTCTGACTGGTGCT

GGGCGTAAGGAAAGAAGAGACCCTCATGTGCACTGTACG 
6.9 

AH-

Apt15 

ACGGCCGGGGATATTGATTGCATTCGCCCGGTGCCGGGCGT

AGGGCGAAAATGCGTCGGAACCCTCATGTGCACTGTACG 
6.9 

AH-

Apt16 

ACGGCCGGGGATATTGATTGGGAAAGATAGACTGGTGCCGG

GCGTAAGTCTATCGCCCTTACCCTCATGTGCACTGTACG 
6.4 

AH-

Apt17 

ACGGCCGGGGATATTGATTGACGAGTGAGCGGTGCCGGGCG

TAGCTCACTATCGGCTGTTACCCTCATGTGCACTGTACG 
6.4 

AH-

Apt18 

ACGGCCGGGGATATTGATTGCAGGGGAGGCCGTTGCCGGGC

GTAGGCATCCCCAGTCTTAACCCTCATGTGCACTGTACG 
6.4 

AH-

Apt19 

ACGGCCGGGGATATTGATTGTAGGAACTCCGGTGCTGGGCG

TAGGAGTTCCCCTCAGGTCACCCTCATGTGCACTGTACG 
6.4 
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AH-

Apt20 

ACGGCCGGGGATATTGATTGGCCAAAGGACCAGGCGGTGCT

GGGCGTAGCCTGGTGTGGCACCCTCATGTGCACTGTACG 
6.4 

 

Table 3.2: The most abundant 20 sequences in enriched pool against TNX1 antibody. 

ID Sequence 
Abundance 

(%) 

TX1-

Apt1 

ACGGCCGGGGATATTGATTGTGCGGGGTCTAGGGTAGGGG

GTTTTATGGGGAGGTTGGCTACCCTCATGTGCACTGTACG 73.65 

TX1-

Apt2 

ACGGCCGGGGATATTGATTGTCAATTCTCTTTATGATGTGGT

TTATGCGAAGCACCGTACACCCTCATGTGCACTGTACG 6.65 

TX1-

Apt3 

ACGGCCGGGGATATTGATTGTATCTCTTTTGATTGGGGATTT

CCGTCTTTTACGCCGTCAACCCTCATGTGCACTGTACG 5.84 

TX1-

Apt4 

ACGGCCGGGGATATTGATTGTCTCCTTCCAAGGATAACGGC

TTTAGGCTTTGCCCGTGTTACCCTCATGTGCACTGTACG 5.32 

TX1-

Apt5 

ACGGCCGGGGATATTGATTGTGGACGCCGTGAGGGGTCTT

ATGGGTAGGTTGGCAGGCGGACCCTCATGTGCACTGTACG 1.75 

TX1-

Apt6 

ACGGCCGGGGATATTGATTGTGCGGAGTCTAGGGTAGGGG

GTTTTATGGGGAGGTTGGCTACCCTCATGTGCACTGTACG 0.99 

TX1-

Apt7 

ACGGCCGGGGATATTGATTGTGCGGGATCTAGGGTAGGGG

GTTTTATGGGGAGGTTGGCTACCCTCATGTGCACTGTACG 0.55 

TX1-

Apt8 

ACGGCCGGGGATATTGATTGATACCCTCATGTGCACTGTAC

GGCCGGGGATATTGATTGTACCCTCATGTGCACTGTACG 0.49 

TX1-

Apt9 

ACGGCCGGGGATATTGATTGTACCCTCATGTGCACTGTACG

GCCGGGGATATTGATTGATACCCTCATGTGCACTGTACG 0.39 

TX1-

Apt10 

ACGGCCGGGGATATTGATTGTGCGAGGTCTAGGGTAGGGG

GTTTTATGGGGAGGTTGGCTACCCTCATGTGCACTGTACG 0.31 

TX1-

Apt11 

ACGGCCGGGGATATTGATTGTAGGGTTAGGGTACGGGCATT

CAGCTGGGGTAAACAATAGACCCTCATGTGCACTGTACG 0.31 

TX1-

Apt12 

ACGGCCGGGGATATTGATTGTGCGTGGTCTGGGGTAGGGG

GTTTTATGGGGAGGTTGGCTACCCTCATGTGCACTGTACG 0.28 

TX1-

Apt13 

ACGGCCGGGGATATTGATTGACCCTCATGTGCACTGTACGG

CCGGGGATATTGATTGTAACCCTCATGTGCACTGTACG 0.27 

TX1-

Apt14 

ACGGCCGGGGATATTGATTGTATACCCTCATGTGCACTGTA

CGGCCGGGGATATTGATTGACCCTCATGTGCACTGTACG 0.27 

TX1-

Apt15 

ACGGCCGGGGATATTGATTGACCCTCATGTGCACTGTACGG

CCGGGGATATTGATTGTATACCCTCATGTGCACTGTACG 0.25 

TX1-

Apt16 

ACGGCCGGGGATATTGATTGATTACCCTCATGTGCACTGTA

CGGCCGGGGATATTGATTGACCCTCATGTGCACTGTACG 0.16 

TX1-

Apt17 

ACGGCCGGGGATATTGATTGTAACCCTCATGTGCACTGTAC

GGCCGGGGATATTGATTGTACCCTCATGTGCACTGTACG 0.15 
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TX1-

Apt18 

ACGGCCGGGGATATTGATTGTCTCCTCTCAAGGATAACGGC

TTTAGGCTTTGCCCGTGTTACCCTCATGTGCACTGTACG 0.10 

TX1-

Apt19 

ACGGCCGGGGATATTGATTGTGCGGGGTCCAGGGTAGGGG

GTTTTATGGGGAGGTTGGCTACCCTCATGTGCACTGTACG 0.1 

TX1-

Apt20 

ACGGCCGGGGATATTGATTGTGAACCCTCATGTGCACTGTA

CGGCCGGGGATATTGATTGACCCTCATGTGCACTGTACG 0.07 
 

Table 3.3: The most abundant 20 sequences in enriched pool against TNX7 antibody. 

ID Sequence 
Abundance 

(%) 

TX7-

Apt1 

AGTGACCGAATCCAAACCCTATGTGATAATGTAAAGGATG

GTATAAAGGGTATCGGGTTATCCATAGGGGTAAGGCTGCT 30.10 

TX7-

Apt2 

AGTGACCGAATCCAAACCCTATTTCGGATGGGTCAAGGG

GTGTCGGCTTGGGAATTGGGG 

TCCATAGGGGTAAGGCTGCT 21.31 

TX7-

Apt3 

AGTGACCGAATCCAAACCCTAGCGACAGTGGGATCGGAG

TCGTTGGGGTATACTGTCGCG 

TCCATAGGGGTAAGGCTGCT 13.64 

TX7-

Apt4 

AGTGACCGAATCCAAACCCTATCGGAATTGAGGGGTGGC

GGCTCAGATTGGATGGTGAAT 

TCCATAGGGGTAAGGCTGCT 9.32 

TX7-

Apt5 

AGTGACCGAATCCAAACCCTAAGGGGCATCGGCTTATGT

AATTGGGATGGGGGGTTTCGA 

TCCATAGGGGTAAGGCTGCT 7.33 

TX7-

Apt6 

AGTGACCGAATCCAAACCCTACAGTCGGGATGGGGGGCG

TGGATAAATGGGGGTCCGGGG 

TCCATAGGGGTAAGGCTGCT 6.77 

TX7-

Apt7 

AGTGACCGAATCCAAACCCTGGTTGGGATGGAGAAGGTG

CAGCTCGGATGCGGGAAGGGC 

TCCATAGGGGTAAGGCTGCT 3.14 

TX7-

Apt8 

AGTGACCGAATCCAAACCCTCGTGGGATCGGAGTCTTTG

GGGTTAATGGGGGTTTAGGTC 

TCCATAGGGGTAAGGCTGCT 1.38 

TX7-

Apt9 

AGTGACCGAATCCAAACCCTTTAGATGCGGTTTCTGGCA

GTCATCGGATGCGGGGAGGGC 

TCCATAGGGGTAAGGCTGCT 1.00 

TX7-

Apt10 

AGTGACCGAATCCAAACCCTTTTTGATGGGTCAATTTGGC

AGCAGGGATGCGGTTAGGGC 

TCCATAGGGGTAAGGCTGCT 0.69 

TX7-

Apt11 

AGTGACCGAATCCAAACCCTTTGGTTATCCTCGGTCTAGC

AGCAAGGATGCGGTTAGGGC 

TCCATAGGGGTAAGGCTGCT 0.67 
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TX7-

Apt12 

AGTGACCGAATCCAAACCCTGTGTATTCGAGGATTGTGC

AGCTTCGGATGCGGGGAGGGC 

TCCATAGGGGTAAGGCTGCT 0.49 

TX7-

Apt13 

AGTGACCGAATCCAAACCCTAGCAGTGGATTCGTTAAGC

AGACACGGATGCGGGGAGGGC 

TCCATAGGGGTAAGGCTGCT 0.31 

TX7-

Apt14 

AGTGACCGAATCCAAACCCTTTTAGTGAGTTGGTTAGCTA

GCCTCGGATGCGGGAAGGGC 

TCCATAGGGGTAAGGCTGCT 0.27 

TX7-

Apt15 

AGTGACCGAATCCAAACCCTCTGGTTGGTTATCATTTGCA

GCAACGGATGCGGGGAGGGC 

TCCATAGGGGTAAGGCTGCT 0.23 

TX7-

Apt16 

AGTGACCGAATCCAAACCCTAGGGTTGTTTATATATGGCA

GACTCGGATGCGGGAAGGGC 

TCCATAGGGGTAAGGCTGCT 0.09 

TX7-

Apt17 

AGTGACCGAATCCAAACCCTGTGAGGATACGTGGGATGG

GTCATGTTGACGGTGTGGTTG 

TCCATAGGGGTAAGGCTGCT 0.09 

TX7-

Apt18 

AGTGACCGAATCCAAACCCTATTTCGGATGGGTCAAGGG

GTATCGGCTTGGGAATTGGGG 

TCCATAGGGGTAAGGCTGCT 0.09 

TX7-

Apt19 

AGTGACCGAATCCAAACCCTACCGTCGGGATGGGGGGCG

TGGATAAATGGGGGTCCGGGG 

TCCATAGGGGTAAGGCTGCT 0.089 

TX7-

Apt20 

AGTGACCGAATCCAAACCCTACAGTCGGGATGGGGGACG

TGGATAAATGGGGGTCCGGGG 

TCCATAGGGGTAAGGCTGCT 0.071 

 

3.3.2 Aptamer Identification  

 Aptamers were identified from the sequencing data and motif analysis was performed on 

the 20 most abundant sequences. A motif sequence was identified from these aptamer candidates 

against Am6H2 and TNX1 (Figures 3.4a and 3.4b), resulting in the truncation of nonessential 

nucleotides to obtain a 17mer aptamer (AH-AptT17) and a 37mer aptamer (TX1-AptT37), 

respectively (Figures 3.4d-3.4e). No motif was obtained for TNX7, so the most abundant 5 

sequences were chosen as aptamer candidates and charactered with the bead-based fluorescence 

assay. Aptamer TX7-Apt3 showed the highest fluorescence intensity (Figure 3.4c) and was 

truncated to obtain a 36mer aptamer, TX7-AptT36, based on its secondary structure (Figure 3.4f). 
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The affinity of these aptamers was evaluated, and the values of equilibrium dissociation constant 

were determined to be 32  7 nM, 278  39 nM, and 130  25 for aptamers AH-AptT17, TX1-

AptT37, and TX7-AptT36, respectively (Figures 3.4g-3.4i). The nano-molar level of KD values 

suggests that these aptamers have strong affinity to their respective target antibodies. Specificity 

was characterized using polyclonal IgG, IgE, BSA, and protein A/G as control proteins. High 

fluorescence intensities were observed for target antibodies with their corresponding aptamers, 

while negligible fluorescence intensities were detected for control proteins (Figures 3.4j-3.4l). 

These results indicate that the aptamers have high specificity, and there is no cross-reactivity 

against the three target antibodies that are the same type of antibodies targeting S protein, 

suggesting that they bind to the idiotype region of antibodies.  
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Figure 3.4: Identification and characterization of aptamers. Motif sequences analyzed from 

aptamer candidates against (a) Am6H2 and (b) TNX1, respectively. (c) Fluorescence intensity of 

the most abundant 5 aptamer candidates binding to TNX7. Predicted secondary structures of 

aptamers (d) AH -AptT17, (e) TX1-AptT37, and (f) TX7-AptT36, respectively. Dissociation 

constant determination of aptamers (g) AH -AptT17, (h) TX1-AptT37, and (i) TX7-AptT36, 

respectively. Specificity analysis of aptamers (j) AH-AptT17, (k) TX1-AptT37, and (l) TX7-AptT36, 
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respectively. All measurements were performed in triplicate and the data were shown as the 

mean ± SD in the graph. 

3.3.3 Aptamer-Based Pull-Down  

 Pull-down assay was performed to confirm the binding of aptamer to target antibody. 

Aptamer AH-AptT17 was chosen as a demonstration. Streptavidin beads were used to immobilize 

the aptamer, and a fluorescent sandwich assay was performed using a second FAM-labelled 

aptamer as a reporter to detect the captured antibody (Figure 3.5a). A higher fluorescence intensity 

was observed on AH-AptT17 beads that were used to pull down Am6H2, while negligible 

fluorescence intensity was detected on aptamer beads for pulling down polyclonal IgG and 

scrambled aptamer beads for pulling down Am6H2 (Figure 3.5b). IgG proteins captured by the 

aptamer beads were eluted and analyzed by non-reduced SDS-PAGE, and a brighter band was 

observed at the IgG antibody size of 150 kDa for the AH-AptT17 beads, indicating successful 

capture of the target antibody (Figure 3.5c). Lanes 1 and 2 showed the IgG that was subjected to 

capture by the control aptamer-coated beads from polyclonal IgG and Am6H2 solution, 

respectively. In both cases, negligible bands were observed, indicating that neither polyclonal IgG 

nor Am6H2 was pulled down by the control aptamer-coated beads. Lane 3 showed the polyclonal 

IgG that was captured by the aptamer AH-AptT17-coated beads from polyclonal IgG solution, and 

again, negligible bands were observed in this lane. This indicated that the aptamer was unable to 

pull down polyclonal IgG. Therefore, these results confirmed that aptamer AH-AptT17 was 

specifically binding to the target antibody Am6H2. 

 To further confirm that the aptamer binds to the fragment antigen-binding (Fab) region, the 

antibody Am6H2 was digested into F(abô)2 and Fc fragments using IdeS protease, a highly specific 

IgG-degrading enzyme. The aptamer-coated beads were incubated with the digested IgG solution 

to capture the F(abô)2 fragments, which were then released and characterized by non-reduced SDS-
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PAGE (Figure 3.5d). Two bands at 100 kDa and 25 kDa were observed, which indicate that the 

IgG has been successfully digested into F(abô)2 and Fc fragments. A significantly brighter band at 

100 kDa, corresponding to the size of F(ab')2, was only observed for the digested Am6H2 pulled 

down by aptamer AH-AptT17 beads, while no bands were observed for control aptamer and 

digested polyclonal IgG, indicate that only the F(ab')2 fragment has been pulled down by aptamer 

AH-AptT17 beads and the Fc fragment has been removed. This suggested that the aptamer AH-

AptT17-coated beads were binding to F(ab')2 fragment rather than the Fc fragment of Am6H2. 

Furthermore, no bands were observed in lanes 1 and 2, indicating that the control aptamer-coated 

beads did not pull down any fragments from the digested polyclonal IgG and digested Am6H2 

solution. Moreover, no bands were observed in lane 3, indicating that the aptamer AH-AptT17-

coated beads did not capture any fragments from the digested polyclonal IgG solution. This 

provided further evidence that the aptamer AH-AptT17-coated beads did not bind to polyclonal 

IgG. These consistent results confirmed the specific binding of aptamer AH-AptT17 to the Fab 

region of the target antibody Am6H2. 
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Figure 3.5: Aptamer -based pull-down assay. (a) Schematic illustration of the dual aptamer 

sandwich assay and (b) pull-down verification by measuring the fluorescence intensity on beads. 

All measurements were performed in triplicate and the data were shown as the mean  ± SD. (c) 

SDS-PAGE analysis of pull -down of antibody Am6H2. (d) SDS -PAGE analysis of pull -down of 

digested antibody Am6H2. Lanes 1 and 2 showed the fragments pulled by the control aptamer -

beads from digested polyclonal IgG and Am6H2 solution, respectively . Lanes 3 and 4 showed the 

fragments pulled by the aptamer -beads from digested polyclonal IgG and Am6H2 solution, 

respectively.  Lanes 5 and 6 showed the digested polyclonal IgG and Am6H2, respectively. 

3.3.4 Negative Stain Transmission Electron Microscopy (TEM) Imaging   

 Negative stain TEM imaging was employed to visualize the binding of the aptamers to the 

antibodies. Since the size of aptamer is too small to be visualized by TEM imaging, the aptamers 

were linked to streptavidin protein via biotin-streptavidin interaction. We used single-biotin-

labeled aptamer AH-AptT17 linked with streptavidin to study its binding to antibody Am6H2.  We 

observed the attachment of the aptamer-linked streptavidin to the Fab region of the antibody, 

providing evidence of the binding of the aptamer to the Fab region (Figures 3.6a). However, the 

yield of streptavidin-aptamer-antibody complexes was low, possibly due to the binding region of 
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antibodies being occupied by some free aptamers that were not able to be linked with streptavidin. 

As the research progressed, our group identified two additional antibodies, TNX1 and TNX7. 

Since TNX7 exhibited the best affinity to the S protein, our research further prioritized TNX7, and 

we then utilized TEM to comprehensively characterize the aptamer binding to TNX7. To improve 

the yield, we used dual-biotin-labelled aptamer, which can increase the efficiency of streptavidin 

binding. We used this approach to visualize the binding between antibody TNX7 and aptamer 

TX7-AptT36, resulting in an improved yield of streptavidin-aptamer-antibody complexes 

compared to that of the single-biotin-labeled aptamer (Figures 3.6b). We also observed two distinct 

binding conformations, one in which the aptamer-linked streptavidin binds to one of the Fab and 

the other in which the streptavidin is located between two Fabs. As the second conformation is 

unlikely a different view of the first conformation in the EM experiment, this is possibly due to 

the different number of dual-biotin-conjugated aptamers linked to streptavidin (Figure 3.6c). 

Overall, our findings directly confirmed the specific binding of aptamers to the Fab region of 

antibodies. 
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Figure 3.6: Negative stain TEM 2D class averages showing the antibody-aptamer-streptavidin 

complexes. (a) 2D class averages of the complex between antibody Am6H2 and aptamer AH -

AptT17-linked streptavidin. The green boxes indicate those antibodies that are bound to 

streptavidin. (b) 2D class averages of the complex between antibody TNX7 and aptamer TX7-

AptT36-linked str eptavidin. (c) 2D class averages showing two distinct binding conformations 

between the aptamer and antibody in the complex between antibody TNX7 and aptamer TX7 -

AptT36-linked streptavidin.    

3.3.5 Competitive Assay with S Protein 

 To determine the exact binding site of the aptamer in the idiotype region of antibody, direct 

competition with S protein was performed using a bead-based fluorescence microscope assay. The 

assay involved saturating bead-immobilized antibodies with FAM-labelled aptamers, followed by 

treatment with varying concentrations of S protein. If the fluorescence signal on the beads 
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decreases, it indicates that S protein can compete out aptamer. This means paratope-specific 

binding of the aptamer, whereas no significant change indicates non-paratope binding (Figure 

3.7a). The coexistence of the aptamer and S protein on the antibody (Figure 3.7b) and no 

significant change in fluorescence intensity when S protein was added suggested non-paratope 

binding of the aptamers to Am6H2 and TNX1 (Figures 3.7c and 3.7d). Competitive binding of 

aptamer TX7-AptT36 to TNX7 showed a significant decrease in fluorescence signal upon addition 

of S protein (Figure 3.7e), indicating paratope-specific binding of the aptamer to TNX7. As each 

mAb has two independent antigen-binding sites, if both sites bind to S proteins, it indicates a fully 

bound form. If only one site binds to S protein, the mAb can potentially still bind to another S 

protein, indicating a partially bound (or partially free) form. In human bodyôs systemic circulation, 

various forms of mAb can coexist, including the free (unbound), partially bound, and fully bound 

variants. As the free and partially bound mAb forms are bioactive, assessment of their 

concentration offers a more accurate estimate of efficacious concentration and safety margin [138]. 

Given the competition between the S protein and aptamer TX7-AptT36, this specific aptamer can, 

in principle, serve as a tool for measuring both free and partially S-bound antibody TNX7. 
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Figure 3.7: Aptamer -based competitive assay with S protein. (a) Schematic illustration of the 

experimental design. (b) Fluorescence images of Am6H2-coated beads binding to FAM-labelled 

aptamer AH -AptT17 in the absence of S protein and in the presence of 500 nM S protein. The S 

protein was labeled with a Cy3 -conjugated anti-His tag aptamer. Scale bar is 200 µm. Normalized 

fluorescence intensity of aptamers (c) AH-AptT17, (d) TX1-AptT37, and (e) TX7-Apt36 binding to 

antibodies Am6H2, TNX1, and TNX7, respectively, after treated with S protein as competitor with 

varying concentrations (0-500 nM). BSA was used as a control competitor. All measurements 

were performed in triplicate and the data are shown as the mean ± SD in the graph. 

3.3.6 Ant ibody Detection by Aptameric Graphene Nanosensor 

 To accurately evaluate the efficacy of antibody therapy, a sensing platform that is highly 

sensitive, specific and capable of rapid detection is required. These aptamers were combined with 

graphene field-effect transistor (GFET) nanosensors, which were developed by our group 

previously [134, 135], to enable the specific detection of antibodies in complex human samples. 

The GFET device consists of a graphene-based conducting channel that connects to gold drain 

source and gate electrodes. During operation, the electric double layer at the interface of graphene 
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and electrolyte medium serves as the gate dielectric. The specific binding between the aptamer and 

the target antibody results in a change in the drain-source current in the graphene, which can be 

measured to determine the concentration of antibody in the sample (Figure 3.8a).  

 As the devices were exposed to 0.1 diluted human serum solutions spiked with increasing 

concentrations of target antibodies, the Dirac point (Vdirac) decreased, indicating that the binding 

between the aptamer and antibody induced n-type doping to the graphene. In contrast, there was 

negligible shift in the Dirac point when the nanosensor was exposed to polyclonal IgG, indicating 

high specificity and the ability to distinguish specific target IgG from polyclonal IgG in a complex 

human matrix. The Dirac point shift, ȹVdirac (=Vdirac - Vdirac,0), was plotted against varying 

concentrations of IgG, where Vdirac,0 is the Dirac point when the nanosensor was exposed to 0.1 

human serum solution without target IgG antibody. Concentration-dependent increase in ȹVdirac 

was observed for target antibodies Am6H2, TNX1, and TNX7, when binding to their respective 

aptamers AH-Apt17, TX1-Apt37, and TX7-Apt36 (Figures 3.8b-d). The data was well fitted by 

the Hill-Langmuir binding equation, ȹVdirac = Acn/(Kn+cn), where A is the maximum response with 

all binding site occupied, c is the concentration of the applied IgG, K is the effective dissociation 

constant, and n is the Hill coefficient [139, 140]. The KD values obtained from the binding curves 

of the aptamers on the GFET platform, namely 13 nM, 243 nM, and 123 nM for aptamers AH-

Apt17, TX1-Apt37, and TX7-Apt36, respectively, are indeed in close alignment with the KD values 

shown in Figure 3.4, which are 32 nM, 278 nM, and 130 nM, respectively. The slight discrepancies 

between these values are reasonable and can be attributed to the distinct methodologies employed. 

For example, the immobilization of aptamers on the GFET sensor surface, as opposed to having 

them free in solution in the fluorescence assay, may contribute to the variation in KD values. The 

values of limit of detection (LOD), obtained by limit of blank plus 1.645 standard deviations of 
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the lowest measured concentration [141], were 1.1 pM (0.17 ng/mL), 12.5 pM (1.9 ng/mL), and 

55 pM (8.3 ng/mL), respectively, These values are better or comparable to the LOD of commercial 

ELISA kits (10~11 ng/mL) [142, 143] and significantly lower than that of peptide-based ELISA 

(5000 ng/mL) [144]. However, ELISA is time-consuming (> 2 h), labor-intensive, and expensive 

(anti-idiotype antibodies are costly). The aptamer-based GFET sensor can achieve simple and 

rapid measurement (tested within 4 minutes). Typically, the administration regimen in clinical 

trials could result in mean serum concentrations of the antibody drug ranging from the nanomolar 

level to the micromolar level [145]. The clinical concentration range significantly exceeds the 

limits of detection values (1~55 pM) of our GFET sensors. This suggests that aptamer-based 

GFETs have the capability to detect clinically relevant concentrations, even with potential dilution 

factors ranging from 10 to 1000 times. 
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Figure 3.8: Detection of antibody spiked in human serum by aptameric graphene -based affinity 

nanosensor. (a) Schematic of graphene nanosensor with modification of aptamers. Dirac point 

ÚÏÐÍÛɯȹͅVDirac) of the device modified with aptamers AH -Apt17, TX1-Apt37, and TX7-Apt36 when 

binding to target antibodies (d) Am6H2, (e) TNX1, and (f) TNX7 at varying concentrations. Error 

bars were determined by the standard deviation of three device measurements.  

 We used human serum without the target antibody as baseline for our sensors. In this serum, 

there is already a whole population of IgG. Our sensors can distinguish human serum samples 

spiked with the target antibody at a low concentration of 0.01 nM from those without the target 

antibody. This demonstrates our sensors' capability to detect a single target antibody within the 

context of the entire IgG population in the human body. In real-world scenarios, the 

immunogenicity of antibody drugs may prompt the human body to generate anti-drug polyclonal 

antibodies. However, in the case of our fully humanized antibody drugs, the formation of anti-drug 

polyclonal antibodies may be prevented. We acknowledge the need for further investigation and 

validation in a clinical context to fully understand these antibodiesô limitations and capabilities. 

To account for the possibility of polyclonal anti-drug antibody generation, we have determined the 

limit of detection values for this situation, which are 13 pM, 197 pM, and 54 pM for target 

antibodies, Am6H2, TNX1, and TNX7, respectively. In addition, there is a possibility that the 

aptamers may bind to antibodies generated by the immune system of patients infected with SARS-

CoV-2, potentially sharing the same idiotypes as the therapeutic antibodies. To address this 

potential cross-reactivity, a pre-administration assessment can be performed in clinical case 

scenarios using the aptamer-based sensors. By establishing a baseline measurement, the 

interference of antibodies generated by the immune system on the sensing device can be eliminated, 

allowing for the subsequent monitoring of therapeutic antibody drug levels following injection. In 

addition, it is worth mentioning that these selected aptamers are versatile and can be applied not 
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only on the GFET platform but also adapted to alternative sensor platforms, such as lateral flow 

assays and electrochemical platforms.  

3.4 Conclusion  

 Monitoring patient-specific pharmacokinetics of individual antibodies is crucial for 

effective administration of new antibody combinations in patients. This includes tracking the time 

course of their ability to block viral S-proteins, optimizing dosage regimens and evaluating 

treatment efficacy. We used microfluidic technology to enable rapid (within 5 rounds) and efficient 

isolation of anti-idiotype aptamers as the affinity reagents for three examples of monoclonal IgG 

antibodies targeting S protein of SARS-CoV-2 virus. These nanomolar-level aptamers were 

validated by bead-based fluorescence microscopy assay, pull-down assay and native stain 

transmission electron microscopy, and integrated with graphene field effect transistor biosensors 

to enable rapid (within 10 min), sensitive (with LOD of 1~55 pM), and specific detection of the 

monoclonal antibody in human serum. These efforts highlight that anti-idiotype aptamers, with 

many advantages over anti-idiotype antibodies, can be excellent molecular recognition elements 

for recognizing monoclonal antibody drugs. With the increasing generation of monoclonal 

antibodies, corresponding aptamers will be needed for each individual antibody. The microfluidic-

enabled fast acquisition of anti-idiotype aptamers will allow high throughput aptamer-based 

bioanalyses to be conducted, facilitating therapeutic program optimization, simple production 

quantification, and quality control during the antibody manufacturing processes.  
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Chapter 4: Microfluidic Dual -Aptamer Sandwich Assay for Rapid 

and Cost-Effective Detection of Recombinant Proteins  
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 Recombinant protein expression is a commonly used technology for the manufacture of 

biopharmaceutical and biotechnological products such as antibodies, vaccines, hormones, 

interferons, growth factors, and enzymes [10]. Effective monitoring of the expression processes 

plays a crucial role in obtaining high-quality recombinant products and improving the overall 

large-scale production processes. Knowing exactly when to harvest recombinant proteins can 

prevent low product yields due to premature harvesting or product degradation in bioreactors or 

storage tanks [15, 146, 147]. To achieve effective recombinant protein monitoring, a simple and 

rapid detection method is required. Fusion tags are highly versatile tools for purification and 

detection of recombinant proteins. A large variety of tag groups, such as poly histidine (His), 

glutathione S-transferase (GST), Fc, FLAG, Myc, KT3, AU1, human influenza hemagglutinin 

(HA), and Glu-Glu tags, have been developed and used in the purification and detection of 

recombinant proteins in various applications [148].  

 Currently, the detection of recombinant proteins mainly relies on immunoassays that use 

antibodies as recognition elements including enzyme-linked immunosorbent assay (ELISA) and 

western blot, which are labor-intensive and time-consuming. In addition, they typically require 

large quantities of reagents and well-trained technicians [15]. Furthermore, antibodies are 

generated by hybridoma technology, which, while well established, are still time consuming and 

expensive. Also, antibodies are unstable and difficult to be conjugated with other molecules [149]. 

Therefore, there is an urgent need for simple, rapid, and cost-effective alternative approaches for 

detecting recombinant proteins.  
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 More recently, several aptamer-based biosensors have been reported to achieve a fast and 

sensitive detection of tag-fused recombinant proteins. For example, a molecular beacon aptamer 

was designed to directly detect His-tagged Rep78 protein in cell lysate [46]. An aptamer-based 

colorimetric sensor was also developed to detect His-tag-containing chitinase in 

chitooligosaccharide solvent [47]. However, these sensors, which are based on a single recognition 

aptamer for the tag, have limited specificity in complex environments such as culture media or cell 

lysates. Dual-aptamer-based sandwich assays involve a pair of aptamers, which bind to a given 

target at different epitopes such that one aptamer is used to capture the target and the other to 

generate a detection signal, and are attractive for the detection of recombinant proteins with 

potential advantages including high specificity and sensitivity, reusability, and low cost [48-51]. 

In particular, dual-aptamer assays are well suited to detecting tag-fused recombinant proteins 

where the tag can be one of the targeted epitopes. As such, an aptamer that binds to the tag is used 

to capture the tag-fused protein, and a second aptamer specific to the recombinant protein serves 

as the reporter. It has however not been possible to widely use these assays in recombinant protein 

detection because of a lack of available aptamers, long assay times and high consumption of 

reagents [48, 52, 53]. These limitations are especially exacerbated by the requirement of the assays 

for distinct epitope-binding aptamer pairs, whose isolation is generally challenging, laborious and 

time consuming [48, 54]. 

 This chapter presents an approach to dual-aptamer sandwich assays with highly efficient 

isolation of aptamers to enable rapid and cost-effective detection of tag-fused recombinant proteins. 

Our approach addresses both the limitation of the current dual-aptamer assays and the commonly 

encountered difficulties in the lack of aptamers available for such assays, by first using 

microfluidic technology to generate aptamers and then employing these aptamers to implement a 
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microfluidic dual-aptamer assay. Using microfluidic SELEX (systematic evolution of ligands by 

exponential enrichment) [102, 150-152], both aptamers needed for a dual aptamer assay, one as a 

fusion tag and the other for recognition of the recombinant protein, are isolated rapidly and 

efficiently from a randomized oligonucleotide library. The aptamers are then used to realize a 

microfluidic fluorescent dual-aptamer assay for detection of target tag-fused recombinant protein. 

Unlike existing microfluidic dual-aptamer methods that typically use a chamber of fixed volume 

and require rather complicated operation with active valves and mixers [53, 153], our assay is 

based on a stream of a target-containing sample that continuously flows past microbeads packed 

in a microchamber. The capture aptamer is immobilized on the microbeads and captures the target 

proteins from the flowing sample. As such, the assay allows target proteins to be captured from a 

sample of a volume exceeding that of the microchamber, thereby achieving effective enrichment 

of the target. In addition, by thermally releasing and washing away the captured target proteins, 

the aptamer-functionalized surfaces can be regenerated and reused for multiple samples. It is also 

significant that these capabilities are attained using a simple chip without requiring any active 

microfluidic components. To the best of our knowledge, this is the first report of dual-aptamer-

based detection of tag-fused recombinant proteins, which provides a promising approach for rapid, 

low-cost, and sensitive monitoring in large-scale production of recombinant proteins. In our 

experiments using His-tagged IgE (His-IgE) as a representative tag-fused recombinant protein, 

aptamer pairs with sub-nanomolar affinity toward His-tag and IgE were isolated within three and 

four rounds of microfluidic SELEX within two days, respectively. Employed in a microfluidic 

dual-aptamer sandwich assay, the aptamers then allowed rapid and sensitive detection of His-

tagged IgE in cell culture media within 10 min, with a limit of detection of 7.1 nM, and in a 

reusable manner thanks to the regenerability of the aptamer-functionalized surfaces.  
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4.2 Experimental Section 

4.2.1 Device Design and Fabrication  

 We designed and fabricated a microfluidic chip that not only can be used for isolation of 

aptamers, but also can be used for detection of tag-fused recombinant protein by realizing a 

microfluidic dual-aptamer sandwich assay. The microfluidic chip consists of six hexagonal 

chambers (each 7.5 mm long, 2.5 mm wide and 200 µm tall), in which microbeads were trapped 

via a weir-like structure. The hexagonal shape can minimize the trapping of bubbles. The weir 

structure made the height (20 µm) of outlet channel smaller than the diameter of microbeads 

(45~165 µm). Thus, these beads can be uniformly packed in the microscale chamber, allowing for 

efficient interaction of molecules in a flowing stream with bead-immobilized molecules as well as 

accurate determination of fluorescence intensity (Figure 4.1a). As the chip is used for aptamer 

selection, the beads are covalently coated with target molecule to interact with ssDNA library in a 

flowing stream (Figure 4.1b). As the chip is used for dual-aptamer sandwich assay, the beads are 

covalently conjugated with a capture aptamer to capture the tag-fused recombinant protein in a 

flowing fluid (Figure 4.1c). The device was fabricated using standard multilayer soft lithography 

techniques that was described elsewhere [129]. Briefly, SU8 and silicon wafers were used to create 

master molds bearing the device design. PDMS was then poured onto the master molds, cured, 

peeled, cut, and bonded onto the glass slide. A fabricated chip is shown in Figure 4.1d. 
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Figure 4.1: Overview of the microfluidic approach. (a) Design of the microfluidic device. (b) 

Target molecules were covalently immobilized on NHS -activated Sepharose beads for aptamer 

selection. (c) The amino-modified capture aptamer was immobilized NHS -activated Sepharose 

beads for capturing protein. (d) Photograph of a fabricated device. (e) Procedure of aptamer 

isolation and dual -aptamer sandwich assay for recombinant protein detection. 1: initial ssDNA 

library flow through blank beads; 2: ssDNA molecule s binding to blank beads were removed; 3: 

ssDNA molecules unbound to protein -coated beads were discarded by washing; 4: ssDNA 

molecules bound to protein -coated beads were eluted by heating; 5: Elution was amplified by 
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symmetric PCR; 6: Asymmetric PCR was performed to generate enriched ssDNA pool for next-

round selection; 7: NGS was performed for the enriched pools; 8: Capture aptamer toward His -

tag was identified and immobilized covalently on beads; 9: Tag -fused protein  was captured by 

aptamer against the tag; 10: Aptamer against recombinant protein was identified and labelled 

with fluorophore as a detection aptamer; 11: aptamer-beads could be regenerated. Scale bar: 200 

µm.  

4.2.2 Immobilization of Proteins on NHS-Activated Agarose Beads  

 An aliquot of 200 µL of NHS-activated SepharoseTM 4 Fast Flow slurry was washed three 

times with 300 µL of PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4). 

First, 50 µg of protein of interests was incubated with 200 µL of NHS-activated agarose beads on 

a homemade rotator at room temperature (RT) for 30 min. Following washing three times with 

300 µL of PBS, the agarose beads were incubated with 100 mM of ethanolamine for 30 min at RT. 

The unbound ethanolamine was washed 3 times with PBS. Finally, the agarose beads were 

dissolved in 500 µL of PBSM buffer.  

4.2.2 Microfluidic Aptamer Isolation Procedure 

 Aptamers against fusion tag and recombinant protein were first isolated using microfluidic 

SELEX (Figure 4.1e). Five nmol of an initial randomized single-stranded DNA (ssDNA) library 

(FAM-labelled) diluted in 200 µL of PBS buffer with 2 mM MgCl2 (PBSM), was heated at 95 oC 

for 10 min and immediately cooled at -20 oC for 4 min, followed by incubation at room temperature 

for 15 min to fold the ssDNA molecules. These chambers were blocked by 5% BSA solution before 

use. Blank beads and target protein (His-GFP or IgE)-coated beads were pipetted into the negative 

and positive selection chambers, respectively, until the full negative selection chamber was filled 

with the blank beads and half of the positive selection chamber was filled with the target protein-

coated beads. Here, His-GFP was employed as target to isolate aptamers for His-tag since it is 

extremely challenging to obtain DNA aptamers for GFP [154], thereby increasing the selection 

pressure of aptamers against His-tag. The prepared library was injected into the microfluidic 
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device by a velocity of 10 µL/min. Then, 1 mL of washing buffer (PBSM, 0.05% Tween 20) was 

injected to remove weakly binding or nonbinding oligonucleotides. A 20 µL of last flow-through 

washing buffer was collected, amplified, and imaged with agarose gel electrophoresis to verify the 

complete removal of non-binding oligonucleotides. Meanwhile, the selection process was 

monitored by measuring the fluorescence intensity of the fluorophore-labelled ssDNA binding to 

the target-coated beads in the positive selection chamber under an inverted fluorescence 

microscope (Carl Zeiss Microscopy, LLC). Finally, an elution of 20 µL was collected by heating 

the chamber at 92 ºC for 1 min at a flow rate of 20 µL/min. Detailed parameters of aptamer 

selection are shown in Table 4.1. The collected elution was amplified by symmetric polymerase 

chain reaction (PCR) and subsequently ssDNA was generated for next-round selection by 

asymmetric PCR. The collected elution was amplified by symmetric PCR in 100 µL mixture 

containing 20 µL of the eluted target-binding oligonucleotides as a template, 1 µL of 100 µM 

FAM-labeled forward primer, 1 µL of 100 µM biotin-labeled reverse primer, 0.5 1 µL of 5 U/µL 

Gotaq DNA polymerase, 2 µL of 10 mM dNTPs, 8 µL of 25 mM MgCl2, 20 µL of Gotaq 5  

reaction buffer, and 47.5 µL of nucleic acid free H2O. Amplification was performed on a thermal 

cycler using following parameters: an initial denaturation at 95 °C for 3 min followed by 

amplification cycles at 95 °C for 30 s, annealing at 57 °C for 30 s, extension at 72 °C for 40 s and 

final extension at 72 °C for 2 min. The amplicons of last washing sample and elution of each round 

were visualized on 3% agarose gels. Then, asymmetric PCR was employed to generate an enriched 

pool of ssDNA molecules for next round of selection. Asymmetric PCR was performed in a 100 

µL mixtu re containing 10 µL of the dsDNA from the symmetric PCR mixture as a template, 1 µL 

of 100 µM FAM-labeled forward primer, 5 µL of 1 µM biotin-labeled reverse primer, 0.5 1 µL of 

5 U/µL Gotaq DNA polymerase, 2 µL of 10 mM dNTPs, 8 µL of 25 mM MgCl2, 20 µL of Gotaq 
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5x reaction buffer, and 53.5 µL of nucleic acid free H2O. A 25 cycles of PCR amplification was 

performed using the same parameters as the above-described conditions of the symmetric PCR. 

The amplified products were visualized on 3% agarose gels. To increase the selection pressure, a 

decreased total volume of asymmetric PCR mixture was used with increasing selection rounds. 

For His-tag SELEX, a total volume of 300 µL of asymmetric PCR mixture was used for selection 

rounds 1 and 2, 200 µL of asymmetric PCR mixture was used for selection rounds 3 and 4. For 

IgE SELEX, a total volume of 300 µL of asymmetric PCR mixture was used for selection rounds 

1 and 2, 200 µL of asymmetric PCR mixture was used for selection round 3. After amplification, 

buffer exchange was performed for the asymmetric PCR amplicons by using a 10 K MWCO 

centrifugal filter. Finally, a 200 µL of asymmetric amplicons in PBSM buffer was obtained and 

used for next-round selection.  

3ÈÉÓÌɯƘȭƕȯɯ#ÌÛÈÐÓÚɯÖÍɯÔÐÊÙÖÍÓÜÐËÐÊɯ2$+$7ɯÍÖÙɯÐÚÖÓÈÛÐÖÕɯÖÍɯÈ×ÛÈÔÌÙÚɯÈÎÈÐÕÚÛɯ'ÐÚɪÛÈÎɯÈÕËɯ(Î$ȭ 

 

4.2.3 Next Generation Sequencing of Enriched Pools 

 The enriched pools were sequenced by a high-throughput sequencing technology. First, 

these pools were amplified and purified with NucleoSpin PCR cleanup Kit. The purified dsDNA 

was then quantified by Spectrophotometer (Implen, USA). Sample preparation for next generation 

His-Tag IgE 
Round Washing 

buffer 

volume   

Symmetric 

PCR (100 

µL )   

Asymmetric 

PCR  

Round Washing 

buffer 

volume 

Symmetric 

PCR (100 

µL )   

Asymmetric 

PCR 

1 500 µL  18 cycles 25 cycles, 

300 µL 

1 500 µL  18 cycles 25 cycles, 

300 µL 

2 500 µL 16 cycles 25 cycles, 

300 µL 

2 500 µL 16 cycles 25 cycles, 

300 µL 

3 1000 µL 14 cycles 25 cycles, 

200 µL 

3 1000 µL 14 cycles 25 cycles, 

200 µL 

4 1000 µL 12 cycles 25 cycles, 

200 µL 
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sequencing was performed by following KAPA Hyper Prep Kit protocol. A 4 pM sample was then 

spiked with 10 % PhiX standards before loaded on the cartridge MiSeq cartridge (Illumina, CA). 

Sequencing was performed on Illumina MiSeq next generation sequencer. The sequencing data 

was analyzed using the AptaSuite toolkit [111]. The secondary structures of selected aptamer 

candidates were predicted with the Mfold software (zuker algorithm) [132] at the specific 

conditions (165 mM Na+, 2 mM Mg2+, and 25 oC). The motif analysis was performed by MEME 

Suite [133]. 

4.2.4 Determination of Aptamer Affinity and Specificity 

 The equilibrium dissociation constant (KD) for selected aptamer was determined using a 

bead-based fluorescent binding assay. The FAM-labelled or Cy3-labelled aptamer candidates were 

diluted with PBSM buffer to several different concentrations (100 µL). These aptamers were 

heated at 95 °C for 10 min, followed by cooling at -20 oC for 4 min and then incubated for another 

15 min at room temperature. Target protein-coated beads (20 µL) were incubated with the folded 

aptamers. After incubation on a homemade rotator at room temperature for 30 min and washing 

with 200 µL washing buffer for three times, images were acquired by fluorescence microscopy 

(Carl Zeiss Microscopy, LLC) equipped with a X-Cite 120 LED Boost System, FL Filter Set 43 

HE Cy3, and FL Filter Set 38 HE GFP. The average fluorescence intensity was quantified with 

ImageJ software. The KD values were then calculated by fitting to the one-site saturation: Y = 

BmaxX/(KD+X) [155], where Y is the fluorescence intensity, X is the aptamer concentration and Bmax 

is the maximum fluorescence intensity. The specificity of the aptamers against target proteins was 

characterized by the bead-based fluorescent binding assay. The 100 µL of 500 nM fluorophore-

labeled aptamers were incubating with the target protein-coated (20 µL) and control protein-coated 

beads (20 µL) for 30 min. After washing with 200 µL of washing buffer for three times, the 
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fluorescence images were carried out and the average fluorescence intensity was measured by 

fluorescence microscope and analyzed by ImageJ. Fluorescence polarization was performed for 

aptamer specificity characterization. A 40 µL of mixture containing 20 nM FAM-labelled 

aptamers and proteins with various concentrations dissolved in PBSM buffer was incubated at 

room temperature for 20 min. A 40 µL of 20 nM FAM-labelled aptamer solution was used as a 

reference. Fluorescence polarization of the samples was measured at room temperature on a 

fluorescence spectrophotometer with an excitation at 493 nm and an emission at 520 nm. The 

change of FP caused by the biding of aptamer to protein was calculated by subtracting value of FP 

reference from the value of FP protein-aptamer mixture.                       

4.2.5 Microfluidic Dual-Aptamer Sandwich Fluorescence Assay 

 Microfluidic dual-aptamer sandwich fluorescence assay was used to detect the recombinant 

protein in cell culture media (Figure 4.1e). First, a 5ô-amino modified aptamer HisA1-T63 was 

covalently conjugated to the NHS-activated beads to capture the His-tagged proteins. After washed 

with PBS buffer for three times, 100 µL of NHS-activated agarose beads was incubated with 400 

µL of 5 µM amine-modified aptamer for 1 h at room temperature. Then, beads were blocked with 

400 µL of 100 mM ethanolamine for 30 min and subsequently blocked with 5% BSA solution at 

room temperature for 30 min. After washed with 300 µL of PBS for three times, the aptamer-

coated beads were resuspended with 300 µL of PBSM buffer and storage at 4 oC for use. A 20 µL 

of the prepared aptamer beads was injected into the microfluidic chamber. Then, 100 µL of His-

tagged IgE protein with varying concentrations spiked in culture media of Ramos cell line was 

injected into the microfluidic chip at a flow rate of 20 µL/min. After washing the beads with 100 

µL of PBSM buffer, 20 µL of 2 µM FAM-labeled IgEA-T35 aptamer against IgE was injected to 

chamber to recognize the IgE captured by the aptamer-coated beads for 1 min. Finally, after 
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washing the beads with 100 µL of PBSM buffer, the fluorescence imaging of the aptamer-IgE 

complex was carried out by invert fluorescence microscopy with an exposure time of 150 ms and 

the fluorescent intensities were quantified with ImageJ software. The beads were regenerated by 

changing the folded state of aptamers at a high temperature. After measurement of fluorescence 

intensity, microfluidic chip was put on the hotplate for 30 s at 90 oC to disturb the interaction of 

aptamer and His-tagged proteins. After washing with 100 µL of PBSM buffer, the chip could be 

reused for a new batch of detection of His-tagged proteins.    

4.2.6 Materials and Reagents 

 Human IgE protein without His-tag was purchased from BioFront Technologies 

(Tallahassee, FL). Recombinant GFP without His-tag was purchased from Abcam (Cambridge, 

UK). Human IgE-Fc Protein (His-tag) was purchased from Sino Biological (China). SARS-CoV-

2 Spike protein (His-tag) was purchased from ACROBiosystems. IgG (His-tag) was purchased 

from Prospec Bio. Human IgG without His-tag was purchased from Athens Research & 

Technology (Athens, GA). Human BCL2-associated X (BAX) protein (His-tag) was purchased 

from OriGene (Rockville, MD). BAX peptide without His-tag was purchased from AnaSpec 

(Fremont, CA). MgCl2 and molecular biology grade water were procured from Sigma-Aldrich (St. 

Louis, MO). Deoxyribonucleotide triphosphates (dNTPs) and GoTaq® Flexi DNA polymerase 

were obtained from Promega Corp. (Madison, WI). Recombinant GFP (His-tag), Dulbeccoôs 

phosphate buffered saline (PBS) and streptavidin coupled agarose beads (Pierce Streptavidin 

Agarose) were procured from ThermoFisher Pierce (Waltham, MA). NHS-activated Sepharose® 

4 Fast Flow beads and 10 kDa amicon ultra-0.5 centrifugal filter unit were purchased from 

MilliporeSigma (Burlington, MA). Dow SYLGARDÊ 184 Silicone Encapsulant Clear Kit was 
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purchased from Ellsworth Adhesives (Germantown, WI). The oligonucleotides were synthesized 

by Integrated DNA Technologies (Coralville, IA).  

4.3 Results and Discussion 

 We first present results from characterization of microfluidic affinity selection of each 

round, identification of aptamer candidates from high-throughput sequencing data, as well as the 

optimization of aptamers by truncation. Then, the resulting aptamer pair was used for detection of 

recombinant proteins by using a microfluidic dual-aptamer sandwich assay. His-tagged IgE was 

used as a representative tag-fused recombinant protein target.  

4.3.1 Microfluidic Isolation of Aptamers  

 We characterized the microfluidic-based high-stringency conditions of aptamer isolation. 

First, we calculated the molar ratio (Rlib/target) of ssDNA library to protein targets. A higher Rlib/target 

is favorable for isolating high-affinity aptamers due to the highly stringent competitive binding 

[102]. Our initial library was 10 nmole and protein target was 0.005 nmole. Thus, the Rlib/target value 

reaches 2103, which is much higher than that of conventional SELEX (10~1000) [102]. This is 

attributed to the use of microfluidic chip that allows for manipulation of minimal beads coated 

with target molecule, ensuring a very small quantity of target molecule exposed to the ssDNA 

library. Second, we evaluated the mass transfer between ssDNA molecules in flowing stream and 

protein targets coated on beads. The characteristic distance over which ssDNA molecules in the 

flow stream must travel by diffusion to reach the bead surfaces may be represented by the average 

distance (ὒav) from the center to the boundary of an interstitial space of the packed beads. 

Assuming close-packed beads [156] with average bead diameter 90 ɛm, this diffusion distance 

was estimated to be ~15 ɛm. The time scale for solution-borne ssDNA molecules to reach the bead 

surfaces was then calculated to be †diffὒavȾςὈssDNA ͯ ρ s (DssDNA ~ 1 10-10 m2/s is the 
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diffusivity of ssDNA in water) [157]. On the other hand, the residence time of ssDNA in an 

interstitial space was estimated to be †res  = ~6 s, where Q is the flow rate (10 ɛL/min) through 

the chamber, and V is the chamber volume (~4 ɛL), and and ‐ is the effective porosity (~0.5) [158] 

of the chamber packed with beads. Since †diff was considerably smaller than †res, it was determined 

that effective mass transfer could be achieved in the microfluidic chip, i.e., solution-borne ssDNA 

molecules typically had sufficient time to reach bead surfaces to interact with the immobilized 

proteins. Third, the microfluidic chip allows for a rigorous washing with minimal loss of protein-

coated beads. We validated the effective removal of the unbound or weakly-bound ssDNA 

molecules with agarose gel electrophoresis. The last wash and the recovered pool for each SELEX 

round were collected, PCR amplified and characterized with agarose gel electrophoresis. 

Fluorescence intensities of the bands in gel images were measured, which were indicative of the 

amount of ssDNA in the eluates loaded in the corresponding gel lane. As shown in Figures 4.2a 

and 4.2b, negligible bands were observed in the last washes of each SELEX round for His-tag and 

IgE, respectively, while strong bands at the size of 80 bp were observed for the recovered pools. 

This indicates that unbound and weakly-bound DNA molecules have been completely removed by 

the rigorous washing. In addition, the asymmetric PCR-based ssDNA generation was characterized 

with agarose gel electrophoresis (Figures 4.2c and 4.2d). A clear band was observed at ~60 bp, 

which corresponds to the size of ssDNA. This means that the ssDNA pool has been generated 

effective by asymmetric PCR. 
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Figure 4.2: Characterization of enriched pools of each SELEX round. Agarose gel electrophoresis 

of amplified washes and eluates from a single round of aptamer selection toward (a) His -tag and 

(b) IgE.  Bar graphs represent the electropherogram band intensity. W: last wash; E; elution; N: 

negative control (no template); P: positive control (200 nM ssDNA library as template); L: 20 bp 

ladder. In -situ monitoring of aptamer selection process by fluorescence microscope. 

Characterization of asymmetric PCR product s for enriched pools against (c) His-tag and (d) IgE 

by 3% agarose gel electrophoresis. L: ladder 20 bp; 1: asymmetric PCR products (20 µL); 2: initial 

ssDNA library (20 µL, 1 µM).  

 The selection process was in situ monitored by measuring the fluorescence intensity of 

fluorophore-conjugated ssDNA binding to the target-coated beads. An increased fluorescence 

intensity was observed on IgE-coated beads and His-GFP-coated beads after 3 and 4 rounds of 

selection, respectively (Figure 4.3). This means that the ssDNA pools have been enriched and 

show a high affinity to bead-immobilized target molecules. Therefore, the enriched pools can be 

collected and amplified for next-generation sequencing. 
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Figure 4.3: Characterization of enriched pools of each SELEX round. Fluorescence images of each 

round of aptamer selection for (a) His -tag and (b) IgE. Histogram of fluorescence intensity of each 

round of selection for (c) His -tag and (d) IgE. Scale bar: 200 µm.  

4.3.2 Identification of Aptamers with High Affinity and Specificity  

 The aptamers with high affinity and specificity to His-tag were identified from the next-

generation sequencing data. The 10 most frequent sequences can be divided into three families 

based on their homology (Table 4.2). The family sequence 1 (named HisA1) with the highest 

frequency (34%) was selected as an aptamer candidate and characterized with pull-down assay. 

The HisA1 was first immobilized on beads by hybridizing with the biotinylated reverse primer. 

Then, the HisA1 aptamer-coated beads were used to pull down the GFP with or without His-tag. 

A high green fluorescence intensity was observed on beads for His-GFP, while no green 

fluorescent intensity was observed for GFP without the His-tag (Figure 4.4). The results mean that 

only the GFP with His-tag was pulled down successfully by the HisA1 aptamer-coated beads, 

indicating that the HisA1 owns the capability of capturing the His-tagged proteins. Then, to 

optimize the aptamer HisA1, truncation was performed by stepwise removal of nucleotides from 

both ends. The secondary structure HisA1 was predicted using Mfold (zuker algorithm) [132]. The 
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HisA1 has a stem-loop structure that is the most favorable region of aptamer for binding to the 

epitope on target molecules. A particular truncated aptamer with 63 nucleotides (named HisA1-

T63) maintained the high affinity and any further efforts of truncation resulted in the loss of affinity. 

The HisA1-T63 keeps the stem-loop structure that could acts as the recognition element (Figure 

4.7a). The KD value of HisA1-T63 was determined as 26.1±4.9 nM by bead-based fluorescence 

assay (Figure 4.7b). The specificity of HisA1-T63 toward His-tag was confirmed by using proteins 

with or without His-tag (Figure 4.7c). The aptamer showed binding only to His-tagged proteins, 

including His-GFP, His-IgE, His-BAX, and His-Spike, while showed a minimal binding to these 

control proteins (without His-tag). Furthermore, fluorescence polarization assay was used to verify 

the binding of aptamer to His-tag in solution. High fluorescence polarization change was observed 

for His-IgE when incubating with HisA1-T63 and negligible signal was detected for IgE without 

His-tag (Figure 4.6). These results demonstrate that HisA1-T63 shows excellent specificity and 

affinity toward His-tag.  

 

Figure 4.4: Aptamer -based pull-down of His -GFP. Scale bar: 200 µm. S 
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3ÈÉÓÌɯƘȭƘȯɯ-ÌßÛɪÎÌÕÌÙÈÛÐÖÕɯÚÌØÜÌÕÊÐÕÎɯËÈÛÈɯÖÍɯ'ÐÚɪÛÈÎɯÈ×ÛÈÔÌÙɯÊÈÕËÐËÈÛÌÚȭɯ3ÏÌɯƕƔɯÔÖÚÛɯÏÐÎÏɯ

ÍÙÌØÜÌÕÊàɯÚÌØÜÌÕÊÌÚɯÈÕËɯÛÏÙÌÌɯÍÈÔÐÓÐÌÚɯÖÍɯÛÏÌɯÈ×ÛÈÔÌÙɯÊÈÕËÐËÈÛÌÚɯÚÌÓÌÊÛÌËɯÉÈÚÌËɯÖÕɯÛÏÌɯÚÌØÜÌÕÊÌɯ

ÏÖÔÖÓÖÎàȭɯɯɯ 

 

3ÈÉÓÌɯƘȭƗȯɯ-ÌßÛɪÎÌÕÌÙÈÛÐÖÕɯÚÌØÜÌÕÊÐÕÎɯËÈÛÈɯÖÍɯ(Î$ɯÈ×ÛÈÔÌÙɯÊÈÕËÐËÈÛÌÚȭɯ3ÏÌɯƕƔɯÔÖÚÛɯÏÐÎÏɯ

ÍÙÌØÜÌÕÊàɯÚÌØÜÌÕÊÌÚȭ 

ID Sequences Abundance (%) 

IgEA1 

CAGCACCGTCAACTGAATGAGGGCTTTATCCGTTCCTCCTAG

TGGGCCCTAAAAGGTCGTGATGCGATGGAGATGT 10.15 

IgEA2 

CAGCACCGTCAACTGAATTCATCCGTCCCTCCTAGTGGTTCA

GTGAGGTGATGTAGCTGTGATGCGATGGAGATGT 3.04 

Sequences Abundance (%) 

ACTGTGTGACTCCTGCAAAGGGGACTGCTCGGGATTGCGCATATTTG

ATTAGGGAGGGGCAGCTGTATCTTGTCTC 31.03 

ACTGTGTGACTCCTGCAATAGGTGGGAGGGTGGGTGGGTCTATGTTG

AGTCCGCGGTGGCAGCTGTATCTTGTCTC 9.40 

ACTGTGTGACTCCTGCAATGGCGGGAGGGTGGGTGGTGATGCAGGG

GGCACGATATCAGCAGCTGTATCTTGTCTC 7.34 

TCTGTGTGACTCCTGCAAAGGGGACTGCTCGGGATTGCGCATATTTG

ATTAGGGAGGGGCAGCTGTATCTTGTCTC 1.01 

ACTGTGTGACTCCTGCAAAGGGGACTGCTCGGGATTGCGCATATTTG

GTTAGGGAGGGGCAGCTGTATCTTGTCTC 0.717 

ACTGTGTGACTCCTGCAATGGCGGGAGGGTGGGTGGTGATGCAGGG

GGCACGATATCGGCAGCTGTATCTTGTCTC 0.635 

CTTGTGTGACTCCTGCAAAGGGGACTGCTCGGGATTGCGCATATTTG

ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0.382 

ACTGTGTGACTCCTGCAACGGGGACTGCTCGGGATTGCGCATATTTG

ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0.307 

GATCTGTGACTCCTGCAAAGGGGACTGCTCGGGATTGCGCATATTTG

ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0.189 

ATCTTGTGACTCCTGCAAAGGGGACTGCTCGGGATTGCGCATATTTG

ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0.183 

Family sequences Name 

ACTGTGTGACTCCTGCAAAGGGGACTGCTCGGGATTGCGCATATTTG

ATTAGGGAGGGGCAGCTGTATCTTGTCTC 

HisA1 

ACTGTGTGACTCCTGCAATAGGTGGGAGGGTGGGTGGGTCTATGTTG

AGTCCGCGGTGGCAGCTGTATCTTGTCTC 

HisA2 

ACTGTGTGACTCCTGCAATGGCGGGAGGGTGGGTGGTGATGCAGGG

GGCACGATATCGGCAGCTGTATCTTGTCTC 

HisA3 
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IgEA3 

CAGCACCGTCAACTGAATGTTTTATCCGTAACTCTTAGTGGA

CAGGCAGTGACCTATGGTGATGCGATGGAGATGT 1.85 

IgEA4 

CAGCACCGTCAACTGAATTGATCCGTCCCTTCTAGTGGTTCA

GTGCGCGGCGTTTATAGTGATGCGATGGAGATGT 1.26 

IgEA5 

CAGCACCGTCAACTGAATTTATCCGTTACTCTTAGTGGTTCAT

TTGACCGGGCTTACGGTGATGCGATGGAGATGT 1.18 

IgEA6 

CAGCACCGTCAACTGAATTGATCCGTTACTCTTAGTGGTTCA

GCTAGGGGGGTTCCCAGTGATGCGATGGAGATGT 0.59 

IgEA7 

CAGCACCGTCAACTGAATCACGCCATTAGGGACTGCTCGGG

ATTGCGGATAGGGCGCTGTGATGCGATGGAGATGT 0.29 

IgEA8 

CAGCACCGTCAACTGAATTGACCCCCCTGTATTCCGTGTTTT

TACGTTGCTCGTTGCGGTGATGCGATGGAGATGT 0.14 

IgEA9 

CAGCACCGTCAACTGAATCCCTCCACGGATCCATTGTTTACT

CTTTGATGATTTGGCGGTGATGCGATGGAGATGT 0.14 

IgEA10 

CAGCACCGTCAACTGAATCGATTCGCCCCGGCCAGTCCCGT

TTTTTTTCATTCAGTTGGTGATGCGATGGAGATGT 0.14 
 

 

Figure 4.5: His-tag aptamer truncation. (a) The secondary structure of aptamer HisA1 and the 

truncated ways. (b) Characterization of the truncated aptamers. Error bars correspond to 

standard deviation (n = 3). 
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Figure 4.6: Characterization of HisA1 -T63 with fluorescence polarization assay. All data points 

were carried out in triplicate at room temperature and shown the average values with standard 

deviations. Error bars correspond to standard deviation (n = 3). 

 Aptamer candidates towards IgE were identified from the sequencing data. The 10 most 

frequent sequences were analyzed (Table 4.3). A motif sequence was discovered by performing a 

motif analysis with MEME [133]. Similarly, a stem-loop structure was also observed for these 

sequences and we found that the motif sequence is the core region of the stem-loop structure. This 

suggests that the motif sequence should be the binding region of aptamers against IgE. Therefore, 

based on the motif sequence and the stem-loop structure, a shorter aptamer of 35 nucleotides 

(termed IgEA-T35) was obtained (Figure 4.7d). The KD value of IgEA-T35 was determined as 

14.3±3.5 nM (Figure 4.7e), suggesting the aptamer has a high affinity toward IgE. In addition, as 

shown in Figure 4.7f, the aptamer only binds to IgE, including the His-tagged IgE and non-tagged 

IgE, showing a negligible binding to other control proteins such as IgG, His-IgG, His-Spike, BAX, 

and BSA, indicating that the aptamer exhibits an excellent specificity. Furthermore, fluorescence 

polarization assay was used to verify the binding of aptamer to His-tag in solution. High 

fluorescence polarization change was detected for IgE, while minimal signal change was observed 

for IgG when reacting with IgEA-T35 aptamer. These results suggest that the selected aptamers 

(HisA1-T63 and IgEA-T35) with high affinity and specificity to the targets (His-tag and IgE) can 

be employed to detect the His-tagged IgE by forming a sandwich structure.    
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Figure 4.7: Characterization of the isolated aptamers toward His -tag and IgE. Secondary structure 

analysis of aptamers (a) HisA1-T63 and (d) IgEA-T35. Determination of the dissociation constants 

of aptamers (b) HisA1-T63 and (e) IgEA-T35. Specificity characterization of aptamers (c) HisA1-

T63 and (f) IgEA-T35. Error bars correspond to standard deviation (n = 3). 

4.3.3 Optimization of Aptamer Concentration and Flow Rate  

 The amount of the capture aptamer immobilized on the beads and flow rate of protein 

sample were first optimized. Our goal is to apply our assay to detect any tag-fused recombinant 

proteins. Thus, we chose to use His aptamer as capture ligand so that the His aptamer-coated beads 

can be used for detection of other His-tagged recombinant proteins (not limited to the recombinant 

IgE protein) without preparing new beads. The amino-modified HisA1-T63 aptamer at varying 

concentrations were first investigated by immobilizing on NHS-activated beads. The fluorescence 

intensity increases gradually with increasing aptamer concentrations (Figure 4.8a). However, the 

background signal also increases remarkably as the aptamer concentration exceeds 5 µM. This is 

because the reporter aptamer (IgEA-T35) can partially hybridize with the capture aptamer (HisA1-

T63) on beads at a high aptamer concentration. Even though the difference between target signal 
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and background signal still increases after 5 µM, the increase is limited. Thus, the optimal 

concentration was determined as 5 µM considering suppressing the background signal and 

reducing the consumption of aptamer. In addition, different flow rates were tested to achieve a 

better signal with a reducing detection time. The fluorescence intensity decreased very slowly with 

increasing flow rate and then decreased significantly after 20 µL/min (Figure 4.8b). For instance, 

the normalized fluorescence intensities at 10, 20, and 30 µL/min are 0.981, 0.961, and 0.884, 

respectively. Considering the time-consuming nature, the optimum flow rate was determined as 

20 µL/min.     

 

Figure 4.8: Optimization of the microfluidic aptamer -based sandwich assay. (a) Normalized 

fluorescence intensity for 20 nM His -IgE and background at different concentrations of capture 

aptamer. The blue dot line shows the difference of target signal and background signal. (b) Effects 

of the flow rate on detection fluorescence intensity. Error bars correspond to standard deviation 

(n = 3).            

4.3.4 Recombinant Protein Detection in Cell Culture Media 

 The microfluidic dual aptamer assay was then used to detect His-tagged recombinant IgE 

at varying concentration in cell culture media (Figure 4.9a). The fluorescence images at varying 

concentrations were obtained (Figure 4.9b) and the fluorescence intensity was analyzed by ImageJ. 

The data were fitted to the Langmuir isotherm model y=ymaxc/(k+c) [159], where y is the 

fluorescence intensity at the specific concentration of target protein (c), ymax and k are the 
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maximum fluorescence intensity and the equilibrium constant that were fitted as 330.62 and 944.18 

nM, respectively, with a correlation coefficient (R2) of 0.994 (Figures 4.9c). The microfluidic-

based dual-aptamer fluorescence assay achieved a low detection of limit of 7.1 nM that was 

determined by calculating the concentration corresponding to a signal of sample blank plus three 

times standard deviation of blank [160]. The whole detection time was less than 10 min. To 

characterize the precision and reproducibility of the microfluidic dual-aptamer assay, the intra-

assay and inter-assay variabilities were evaluated. The intra-assay variability was the variability 

of the same sample analyzed in parallel for five times with the same batch of the aptamer-coated 

beads. The inter-assay variability was tested in the same way but using five different batches of 

the aptamer beads. The intra-assay and inter-assay variabilities were determined by the coefficient 

of variability (CV = SD/mean). As shown in Table 4.4, the CV values of intra-assay variability are 

6.6% and 8.6% for 20 nM and 200 nM, respectively. The CV values of inter-assay variability are 

9.7% and 12.6% for 20 nM and 200 nM, respectively. The values of intra-assay variability are 

smaller than 10% and the CV values of inter-assay variability are smaller than 15%, indicating that 

the microfluidic dual-aptamer sandwich assay exhibit acceptable precision and reproducibility.  
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Figure 4.9: Recombinant protein detection in cell culture media. (a) Schematic representation of 

microfluidic detection of His -IgE protein spiked in cell culture media by dual -aptamer-based 

sandwich fluorescence. (b) Fluorescence images from the sandwich assay with His-IgE 

concentrations. (c) The relationship of the fluorescence intensity versus various His-IgE 

concentrations from 1 nM to 1000 nM. The fitted curve is fitted by the Langmuir isotherm model. 

Inset: fluorescence intensity plotted on a linear scale for the His-IgE concentration. Scale bar: 200 

µm. Error bars correspond to standard deviation (n = 3). 

 

3ÈÉÓÌɯƘȭƘȯɯ(ÕÛÙÈɪÈÚÚÈàɯÈÕËɯÐÕÛÌÙɪÈÚÚÈàɯÝÈÙÐÈÉÐÓÐÛàɯÖÍɯÔÐÊÙÖÍÓÜÐËÐÊɯËÜÈÓɪÈ×ÛÈÔÌÙɯÚÈÕËÞÐÊÏɯÈÚÚÈàȭɯ

2#ȯɯÚÛÈÕËÈÙËɯËÌÝÐÈÛÐÖÕɯȹÕɯǻɯƙȺȰɯ"5ȯɯÊÖÌÍÍÐÊÐÌÕÛɯÖÍɯÝÈÙÐÈÛÐÖÕȭ 

Sample 

Conc. 

(nM)  

Intra -assay Inter -assay 

Mean SD CV  Mean SD CV   

20 11.79 0.78 6.6% 13.04 1.26 9.7% 

200 58.47 5.05 8.6% 64.13 8.09 12.6% 

 

4.3.5 Assay Specificity 

 The detection specificity of the dual-aptamer sandwich assay was characterized with six 

controls proteins, including IgE, IgG, His-IgG, His-Spike, His-BAX, and BSA. In particular, the 

His-tagged IgG, His-tagged Spike and His-tagged BAX proteins were used as control proteins to 

mimic the histidine-enriched proteins in cell culture media. As shown in Figure 4.10, only His-IgE 

showed a high fluorescence intensity and negligible detection signals were obtained for these 

control proteins, indicating that the amino acids and proteins in the cell culture medium did not 

influence the detection because of the higher specificity of the dual aptamer assay over a single-

aptamer assay. That is, matrix molecules in cell culture medium that are non-specifically captured 

by the first aptamer may still be rejected by the second aptamer. Regeneration of biosensors is one 

of the most essential aspects for bringing biosensors to the market. Regeneration not only allows 

performing more assays on a single chip to reduce cost, but also enables the measurement of a 

single control sample under identical experimental conditions, thus providing more precise 

controls of the assay and avoiding false-positive or false-negative results [161, 162].  
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Figure 4.10: Specificity characterization of the microfluidic dual -aptamer assay. (a) Fluorescence 

images for the specificity of this assay. (b) Histogram for the fluorescence intensity of specificity. 

Protein concentration: 200 nM. Scale bar: 200 µm. Error bars correspond to standard deviation (n 

= 3). 

4.3.6 Regeneration 

 Here, we characterized the regenerability of the microfluidic dual-aptamer assay. HisA1-

T63 aptamer could completely lose the affinity to His-tagged GFP at high temperature of 90 oC 

for 30 s. After returning to room temperature, binding ability of aptamer was recovered. This 

means that the aptamer-coated beads can be regenerated by heating since the denature of aptamers 

at the high temperature can change the affinity of aptamers to targets. This is one of advantages of 

aptamers compared to antibodies that are protein with low heat resistance. In the dual-aptamer 

sandwich system of HisA1-T63/His-IgE/IgEA-T35, heating can remove the His-IgE/IgEA-T35 

complex and the HisA1-T63 aptamer was still retained on the beads for reuse. The microfluidic 

aptamer-based detection system exhibited consistent detection signal values for His-IgE after 20-

time regeneration with a variation less than 7.6% (Figure 4.11). This suggests that the microfluidic 

detection chip possessed the capability of the consistent and sensitive detection of the His-tagged 
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recombinant proteins after reuse for multiple times. This significantly reduces the detection cost 

per assay. 

 

Figure 4.11: Regeneration characterization of the microfluidic dual -aptamer assay. (a) 

Fluorescence images for the regeneration process. (b) Normalized Fluorescence intensity at 

different regeneration times. Protein concentration: 200 nM. Scale bar: 200 µm. Error bars 

correspond to standard deviation (n = 3). Statistical analysis was performed using two-tailed 

ÜÕ×ÈÐÙÌËɯ2ÛÜËÌÕÛɀÚɯÛ-tests. P-values after 5, 10, 15, and 20 regeneration times are 0.64, 0.37, 0.98, 

and 0.55, respectively, which are larger than the significance threshold of 0.05. This indicated that 

detection signal did not change significantly after regeneration.  

4.4 Conclusion 

 This chapter presents a microfluidic approach to dual-aptamer sandwich assays with highly 

efficient isolation of aptamers to enable rapid and cost-effective detection of tag-fused 

recombinant proteins. This approach addresses the limitations of the existing dual-aptamer assays 

and the commonly encountered difficulties in the lack of aptamers available for such assays, by 

first using microfluidic technology to generate aptamers and then employing these aptamers to 

implement a simple microfluidic dual-aptamer assay for recombinant protein detection. This 
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approach was demonstrated by using His-tagged IgE as a representative tag-fused recombinant 

protein. We first used microfluidic SELEX to isolate two aptamers, HisA1-T63 and IgEA-T35, 

with high affinity (KD < 50 nM) and specificity toward His-tag and IgE within 3 and 4 rounds of 

SELEX, respectively. Then, the two aptamers were used to realize a microfluidic fluorescent dual-

aptamer assay for detecting the His-tagged IgE protein in cell culture media within 10 min with a 

limit of detection of 7.1 nM. In addition, by thermally releasing and washing away the captured 

target proteins, the aptamer-functionalized surfaces can be regenerated and reused for multiple 

samples (up to 20), considerably decreasing the cost of detection. To the best of our knowledge, 

this is the first report on dual-aptamer-based detection of tag-fused recombinant proteins. This 

efficient, low-cost and simple approach can potentially lead to a routinely available tool for 

detection of recombinant proteins.  
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Chapter 5: Microfluidic SELEX Platform Integrated with 

Asymmetric PCR   

5.1 Introduction  

 Microfluidic-based SELEX has been applied to isolate aptamers with high efficiency 

within days rather than weeks or months, due to the large surface area to volume ratio, high 

partitioning efficiency, and low reagent consumption. In addition, microfluidics provides a 

platform for integrated selection with amplification on one chip as well as automation operation. 

Our group has previously developed an integrated microfluidic SELEX platform that can rapidly 

generate aptamers with several rounds of SELEX within a day [89]. However, the devices did not 

offer information of the selection process, we cannot monitor the SELEX process. Thus, we do 

not know whether the pool has been sufficiently enriched and the point at which the SELEX should 

be stopped. Timely termination could not only prevent the loss of aptamer candidates caused by 

the non-specific amplification due to the PCR bias, but also reduce the consumption of time and 

reagents. In addition, our previous SELEX platform used electric melting solder to connect the 

gold electrodes with electrical wires, which could damage the gold electrode deposited on glass 

substrates because of the high melting temperature (~350 oC).  

 In the chapter, we improve the integrated microfluidic SELEX platform by addressing the 

two issues. First, an asymmetric PCR approach is employed to improve the ssDNA amplification 

efficiency. Compared with the previous bead-based PCR, asymmetric PCR has three significant 

advantages. First, aptamer candidate loss was significantly decreased. The selection and PCR were 

performed in the same chamber, avoiding the loss of aptamers during transferring from selection 

chamber to PCR chamber. Second, the solution phase-based asymmetric PCR has a higher 

amplification efficiency over the solid phase-based bead-based PCR. Third, asymmetric PCR does 



 

102 

 

not need streptavidin beads. This not only decreases the cost of SELEX, but also addresses one of 

the most challenges, refreshing beads, toward full automation of the integrated microfluidic 

SELEX platform. In addition, we develop a holder with connection pins to enable the reversible 

connection between gold electrodes and electrical wires. This allows for the reuse of the gold 

electrode-deposited glass substrates, significantly reducing the fabrication cost of PCR chip. Using 

the integrated device with asymmetric PCR, we conducted five rounds of microfluidic SELEX for 

a monoclonal antibody TNX7. The selection process was successfully monitored by measuring the 

fluorescence intensity on beads in each round of the enriched pool.  

5.2 Experimental Section 

5.2.1 Asymmetric PCR Principle 

Asymmetric PCR is a variant of polymerase chain reactions designed to preferentially 

amplify one strand of the DNA template [163]. In asymmetric PCR, an excess of one of the primers 

is used, leading to an imbalance in the concentration of the two complementary strands. The 

reaction begins with the usual denaturation step, followed by primer annealing. During the 

extension step, the primer in excess preferentially binds to the template, resulting in amplification 

of ssDNA products. In SELEX, the enriched pool of random DNA sequences obtained from the 

selection process is subjected to asymmetric PCR using a higher concentration of forward primer. 

This generates an abundance of ssDNA molecules for the subsequent rounds of SELEX. 

5.2.2 Chip Design and Fabrication 

 The integrated microfluidic SELEX is based on an improved design of our previous 

reported microfluidic SELEX chips. We incorporated the asymmetric PCR into our SELEX 

approach instead of bead-based PCR that was used in our previous SELEX methods. As show in 

Figure 5.1b, there are three chambers in our microfluidic chip. One is the counter-selection 
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chamber that is used to remove the binding molecules to non-target proteins and beads. Other two 

chambers have the same function that is the positive selection and asymmetric PCR-based 

amplification. The aptamer candidates travel to selection/PCR chamber 1, in which target-binding 

ssDNA from a randomized ssDNA library is captured by target molecules immobilized on agarose 

microbeads. After washing the nonbinders, the target-binding ssDNA was directly amplified by 

an on-chip asymmetric PCR utilizing the temperature sensor and heater located beneath the 

chamber. To reuse the heaters and temperature sensors, a chip holder was constructed by 3D 

printing to connect the external electrical wires with the gold electrodes (Figure 5.1a). 
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Figure 5.1: Integrated microfluidic SELEX platform. (a) A plastic holder was built to connect the 

electrodes with power sources and multimeters. (b) Schematic of microfluidic SELEX integrated 

with asymmetric PCR. 

5.2.2 On-Chip Asymmetric PCR Procedure 

 For each asymmetric PCR, a master mix was prepared containing 2 µL of Gotaq 5x reaction 

buffer, 0.8 µL of 25 mM MgCl2, 0.1 µL of 100 µM forward primer, 0.5 µL of 1 µM reverse primer, 

0.1 µL of 5 U/µL Gotaq DNA polymerase, 0.2 µL of 10 mM dNTPs, and 3.3 µL of nuclease free 

H2O. The ingredients were mixed with template dsDNA with a concentration range of 1 aM to 10 

nM. The sample was injected into the PCR chamber and the inlet and outlet were blocked with 

homemade tube plugs. The PCR chip was connected to a multimeter (Agilent Technologies, CA) 

for resistance measurement of temperature sensor and a power supply (Agilent Technologies, CA) 

for supplying power to the heater, which are connected to a computer with a LabVIEW program 

for closed-loop temperature control. Amplification was performed using following parameters: an 

initial denaturation at 90 °C for 20 s followed by 40 amplification cycles at 90 °C for 5 s, annealing 

at 50 °C for 15 s, extension at 72 °C for 15 s and final extension at 72 °C for 30 s. The amplicons 

were visualized on 3% agarose gels. For characterization of the asymmetric PCR with bead-based 

fluorescence microscope assay, the forward primer was labelled with FAM fluorophore at the 5ô 

end. The amino-labelled cDNA probe was immobilized on NHS-activated microbeads 

(MilliporeSigma, MA). One nmol of the cDNA probe was incubating with 100 µL of the 

microbeads on a homemade rotator at room temperature for 30 min. After blocked with 50 mM 

ethanolamine, the beads were washed with PBS buffer for 5 times and stored in 100 µL of PBS 

buffer at 4 ºC. Then, the asymmetric PCR products were incubated with 5 µL of the cDNA-coated 

beads on a homemade rotator at room temperature for 30 min. After washing with PBS buffer for 
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three times, the fluoresce images were carried out with an inverted fluorescence microscopy (Carl 

Zeiss Microscopy, LLC) and fluorescence intensity on the beads was analyzed with ImageJ.  

5.2.3 Characterization of Asymmetric PCR with Graphene Nanosensors 

 The asymmetric PCR products were transferred to the PDMS well for signal measurements 

with the GFET nanosensors. After asymmetric PCR was completed, the amplicon in the 

microchamber was transferred to the sensor well through a tube connecting the microchamber 

outlet with the well. A syringe filled with air was used to provide the transfer pressure. Nuclease 

free H2O (90 µL) was injected into the well to dilute the asymmetric PCR products (0.1). The 

goals are to decrease the Debye screening effect by increasing thickness of electric double layer at 

the interface of nanosensor and to alleviate the influence of pH change during PCR on signal 

response. After incubation for 4 min, the electrical properties and transfer curves were 

characterized by two Keiteley 2400 digital sourcemeters under control of LabVIEW programs. 

5.2.4 Comparison of Asymmetric PCR with Bead-Based PCR  

 The asymmetric PCR and bead-based PCR were compared to prove that the asymmetric 

PCR has higher efficiency over the bead-based PCR. A ssDNA aptamer binding to IgE and a 

single-chamber chip were used to demonstrate the comparison. For bead-based PCR, a five-fmole 

(20 µL) template ssDNA was used to mimic the amount of ssDNA binding on target-coated beads, 

and flow though the chamber filled with PCR beads immobilized with reverse primer. After 

washing, PCR reagent without reverse primers was introduced to carry out 25-cycle bead-based 

PCR. Upon completion of the PCR, the PCR beads were washed and 10 µL of the amplified 

ssDNA was collected by heating to 92 oC. For asymmetric PCR, 5 fmole template was used in a 5 

uL of asymmetric PCR master mixes and 25-cycle asymmetric PCR was carried out on the single-

chamber chip. Then, the amplified products were collected and diluted to 10 µL. To compare the 



 

106 

 

efficiency of the two types of PCR, two methods were used. First, the amplified products of 20 µL 

each were subject to 3% agarose gel electrophoresis. The band intensity of asymmetry PCR was 

significantly higher than that of the bead-based PCR, indicating that the asymmetric PCR has 

higher efficiency of amplifying the enriched ssDNA molecules over the bead-bead PCR. Second, 

bead-based fluorescence microscopy assay was used. The FAM-labelled forward primer was used; 

thus, the amplified aptamers were FAM labelled. The amplified products (20 µL) were incubated 

with IgE-coated beads (5 µL) for 30 min at RT. After washing three time with PBSM buffer, the 

fluorescence intensity on the beads was measured and compared. The intensity of asymmetric PCR 

was much higher that of the bead-based PCR, meaning that the asymmetric PCR has a higher 

efficiency of amplifying the enriched ssDNA molecules over the bead-bead PCR.  

5.2.5 Microfluidic SELEX Integrated with Asymmetric PCR  

 Five nmol of an initial randomized single-stranded DNA (ssDNA) library (FAM-labelled) 

diluted in 200 µL of selection buffer was heated at 95 oC for 10 min and immediately cooled at -

20 oC for 4 min, followed by incubation at room temperature for 15 min to fold the ssDNA 

molecules. The prepared library was first incubated with 100 µL of polyclonal IgG beads and 100 

µL of protein A/G beads to remove the non-binders. Then, integrated microfluidic SELEX was 

performed. Briefly, target IgG-coated beads were injected into the selection/PCR chambers, and a 

mixture of polyclonal IgG and protein A/G beads was injected into the counter selection chamber, 

where these beads were tripped by weir structures. Then, the prepared library was introduced into 

selection chamber 1 with a flow rate of 10 µL/min to incubate with the target IgG. Following this 

incubation, a washing buffer was introduced at a flow rate of 20 µL/min to remove the weakly 

binding and nonbinding oligonucleotides. Upon completion of washing, asymmetric PCR master 

mixes (with a 20:1 ratio of forward primer to reverse primer) were injected into selection/PCR 
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chamber 1 and asymmetric PCR was performed as follows: initial denaturation at 90 °C for 30 s 

followed by 25 amplification cycles at 90 °C for 15 s, annealing at 57 °C for 15 s, extension at 

72 °C for 20 s and a final extension at 72 °C for 1 min. The amplified product by the asymmetric 

PCR was transferred (flow rate: 10 µL/min, 3 min) from the selection/PCR chamber 1, across the 

counter selection chamber, to the selection/PCR chamber 2 for the next round of selection. 

Meanwhile, the fluid from the outlet of selection/PCR chamber 2 was collected as the enriched 

pool of round 1 for further affinity characterization. Then, the selection/PCR chamber 2 was 

washed with washing buffer at a flow rate of 20 µL/min for 5 min to remove the nonbinding 

oligonucleotides. After washing, asymmetric PCR master mixes were injected for amplifying the 

binding ssDNA molecules. Meanwhile, the selection/PCR chamber 1 was refreshed with new 

target IgG beads for the third-round selection. This process was repeated after 5 rounds of selection. 

The enriched pools of each round were amplified by symmetric PCR and subsequent asymmetric 

PCR for affinity characterization. Once high-affinity pools were observed, the enriched pool of the 

last round was sequenced by the next-generation high-throughput sequencing technology (Azenta 

Life Sciences, New Jersey). The sequencing data was analyzed using the AptaSuite toolkit. The 

secondary structures of selected aptamer candidates were predicted with the Mfold software (zuker 

algorithm) at the specific conditions (165 mM Na+, 2 mM Mg2+, and 25 oC). The motif analysis 

was performed by MEME Suite.        

5.3 Results and Discussion 

5.3.1 Physical Characterization of Device 

 The resistive heaters and sensors were characterized to enable accurate temperature control 

and thermal cycles for on-chip PCR amplification. The characterization process involved 

establishing a correlation between the resistance of the sensor and the corresponding temperature. 
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To achieve this, the chip was positioned within a temperature-control environmental chamber, 

where the temperature varied from room temperature to 95°C. At every 10°C increment, the 

resistance of the sensor was measured. The obtained data, as shown in Figure 5.2a, revealed a 

linear relationship between resistance and temperature. The temperature coefficient of resistance 

(Ŭ) was calculated as 1.8610-3 oC-1 using Ὑ ρ ‌Ὕ Ὕ Ὑ, where R is the resistance at a 

given temperature T and R0 is the resistance at room temperature T0. With the temperature sensor 

characterized, a thermal cycle was conducted to enable on-chip PCR amplification. This cycle 

involved specific temperature stages: denaturation at 90 °C for 5 seconds, annealing at 50 °C for 

15 seconds, and extension at 72 °C for 15 seconds (Figure 5.2b). It is worth noting that during the 

temperature transitions at the denaturation and extension stages, some overshoot was observed. 

This phenomenon can be attributed to the properties of the LabVIEW temperature controller (PID), 

which was meticulously tuned to minimize such effects. The PCR device successfully completed 

forty thermal cycles within 46 min with minimal temperature variance (within ± 0.5 °C) (Figure 

5.2c), demonstrating the reliability and effectiveness of the resistive heaters and sensors for on-

chip PCR amplification process.  
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Figure 5.2: Characterization of on-chip asymmetric PCR device. (a) Resistance of temperature 

sensor as a function of temperature. (b) Temperature as a function of time for a PCR cycle. (c) 

Thermal cycling curves of the PCR device.  

5.3.2 Characterization of Asymmetric PCR with Fluorescence Microscopy  

 To confirm the successful generation of ssDNA through asymmetric PCR, a bead-based 

fluorescence microscopy assay was conducted. Microbeads were immobilized with a cDNA probe 

that can hybridize with the target ssDNA (Figure 5.3a). Since a FAM-labelled forward primer was 

utilized in the asymmetric PCR, the resulting ssDNA exhibited fluorescence. A higher 

fluorescence intensity was observed for the cDNA probe-coated beads that were incubated with 

the asymmetric PCR products containing the target dsDNA as the template. In contrast, negligible 

fluorescence intensity was obtained for control samples. These results confirmed that the 

asymmetric PCR was successfully carried out on the chip. In addition, a comparison was made 

between the on-chip asymmetric PCR and conventional off-chip PCR, performed using a 
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commercial thermal cycler under identical experimental conditions. The on-chip asymmetric PCR 

demonstrated a fluorescence intensity comparable to that of the off-chip PCR. This indicates that 

the on-chip PCR chip achieves a similar efficiency of ssDNA generation as the commercial 

thermal cycler. Furthermore, the progression of the asymmetric PCR was monitored using the 

bead-based fluorescence microscope assay, varying the number of thermal cycles from 0 to 45 

cycles (Figure 5.3b).  There was no significant change in fluorescence signals from 0 to 20 PCR 

cycles, suggesting minimal ssDNA generation during this period and only the dsDNA was 

produced until the limiting reverse primer was depleted. After 20 cycles, the fluorescence intensity 

increased, indicating the generation of ssDNA through the extension of the remaining excess 

forward primer. Overall, the bead-based fluorescence microscopy assay provides evidence of 

ssDNA generation through asymmetric PCR on the chip. 

 

Figure 5.3: Bead-based fluorescence assay for (a) PCR products and (b) varying PCR cycles. PCR 

products without adding template dsDNA were used as the controls.  

5.3.3 Characterization of Asymmetric PCR with Graphene Nanosensors 

 Comparison of asymmetric PCR with symmetric PCR was performed to confirm that the 

asymmetric PCR can improve the detection response of the GFET nanosensors through conversion 

of dsDNA to ssDNA (Figure 5.4a). Figure 5.4b showed that the transfer characteristic curve was 
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significantly sifted for target dsDNA as template for asymmetric PCR, while a negligible shift was 

observed for dsDNA without performing PCR (Figure 5.4d). This means that the asymmetric PCR 

make the undetectable dsDNA into detectable ssDNA. The nanosensor showed a small shift for 

symmetric PCR (forward primer: reverse primer is 1:1) product (Figure 5.4c). The Dirac point 

shift (ȹVDirac) was defined as ȹVDirac=VDirac-VDirac,0, where VDirac,0 is the Dirac point for the sample 

of PCR products without adding dsDNA as template and VDirac is the Dirac point for the sample 

of asymmetric PCR products with target dsDNA template. The values of ȹVDirac were calculated 

as 45.7 mV and 11.7 mV for amplicons of asymmetric PCR and symmetric PCR, respectively 

(Figure 5.4e). These means that asymmetric PCR could enhance the sensor signal response due to 

a higher efficiency of ssDNA generation over symmetric PCR. The small signal response for 

symmetric PCR products is because there was a small amount of ssDNA that does not form the 

duplex complex with its complementary strand. These ssDNA could be captured by the cDNA 

probe on the sensor surface. This confirms that the asymmetric PCR can significantly enhance the 

signal response of nanosensor through effective conversion of dsDNA into ssDNA.   
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Figure 5.4: (a) Schematics illustration of asymmetric PCR-enabled dsDNA detection by graphene 

field effect transistor nanosensor. Measurement of dsDNA with GFET nanosensors after (b) 

asymmetric PCR and (c) symmetric PCR. (d) Measurement of dsDNA template without PCR 

amplification. ( e) Dirac point shifts for products from asymmetric PCR, symmetric PCR and no 

PCR.     

5.3.4 Comparison of Asymmetric PCR with  Bead-Based PCR 

 Three PCR methods, including standard, asymmetric and bead-based PCR, have been used 

for ssDNA generation in microfluidic SELEX. Standard PCR is an established method for 

effectively amplifying DNA, yet it produces dsDNA products. Lee et al. introduced a technique 

involving rapid cooling to a lower temperature (~10 °C) to separate the dsDNA and generate 

ssDNA [164]. However, the dsDNA may quickly hybridize back to form dsDNA when the 
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temperature returns to room temperature during aptamer selection, which would cause inefficient 

selection of target-binding aptamers in subsequent SELEX rounds. Bead-based PCR, a variant of 

the PCR procedure that has been used in the previous SELEX work of our group [89, 165], 

employs reverse primer attached to microbeads, resulting in bead-tethered template DNA 

duplicates. The use of beads allows for the separation of ssDNA without the risk of hybridization 

back to form dsDNA. However, challenges include potential template loss during template capture, 

lower efficiency in ssDNA generation in solid-phase amplification reactions, and the high cost of 

PCR beads. To enhance the efficiency of ssDNA generation in SELEX, asymmetric PCR has been 

introduced in this thesis, which involves an unequal concentration of primers in the reaction to 

directly generate ssDNA molecules. Asymmetric PCR eliminates the need for template capture 

and transfer, avoiding the loss of aptamer candidates. Furthermore, the solution phase-based 

asymmetric PCR has higher amplification efficiency and eliminates the need for streptavidin beads, 

not only reducing the cost of SELEX but also addressing a major challenge in the full automation 

of the integrated microfluidic SELEX platformðrefreshing beads. 

 To demonstrate the higher efficiency of asymmetric PCR in ssDNA generation for SELEX 

compared to bead-based PCR, we conducted a comparison using two approaches. First, the 

amplified products each were subject to agarose gel electrophoresis (Figure 5.5a). A brighter band 

at approximately 60 bp was observed for the asymmetric PCR product, while a negligible band 

was observed for the bead-based PCR product. This phenomenon indicates that the amount of 

ssDNA molecules in asymmetric PCR is significantly higher than that in the bead-based PCR 

product, demonstrating the superior efficiency of asymmetric PCR in amplifying enriched ssDNA 

molecules over bead-based PCR. Second, bead-based fluorescence microscopy assay was used. 

The FAM-labelled forward primer was used; thus, the amplified aptamers were FAM labelled. The 
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amplified products were incubated with IgE-coated beads. After washing, the fluorescence 

intensity on the beads was measured and compared (Figure 5.5b). The intensity of asymmetric 

PCR was much higher that of the bead-based PCR, meaning that the asymmetric PCR has a higher 

efficiency of amplifying the enriched ssDNA molecules over the bead-bead PCR. These results 

suggest the effectiveness of asymmetric PCR for microfluidic SELEX, although a systematic 

comparison of standard, bead-based, and asymmetric PCR methods in ssDNA generation 

efficiency needs to be conducted. 

 

Figure 5.5: Comparison of on-chip asymmetric PCR with bead-based PCR and integrated 

microfluidic SELEX. (a) Agarose gel electrophoresis analysis of PCR products. (b) Bead-based 

fluorescence assay for PCR products. 

5.3.5 Microfluidic Isolation of Aptamers against TNX7 

 Five rounds of microfluidic SELEX were conducted to isolate aptamers against a 

monoclonal antibody TNX7. The target antibody was immobilized on protein A/G beads and then 

injected into the positive selection chamber for positive selection. In the counter-selection chamber, 

a mixture of polyclonal IgG beads (NHS-activated beads) and protein A/G beads was injected for 

counter selection. Here, NHS-activated beads were used to immobilize polyclonal IgG as counter 

targets because the covalent attachment allows for random immobilization instead of orientated 
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immobilization of antibodies [136, 137] and thus the constant regions of the antibody are 

maximumly exposed to the ssDNA library, improving the removal efficiency of non-anti-idiotype 

aptamers. The selection process was monitored by characterizing the affinity of each enriched pool 

to IgG-coated beads in the chambers (Figure 5.6). After three rounds of SELEX, fluorescence 

intensities on target antibody-coated beads increased significantly, while negligible changes were 

observed for counter target beads, indicating that enriched pools with high affinity and specificity 

to target antibodies were obtained. This indicates that incorporating asymmetric PCR into the 

amplification stage could allow monitoring of the SELEX process that could not be observed when 

bead-based PCR was used previously. 

 

Figure 5.6: On-chip monitoring of integrated microfluidic SELEX. (a) Fluorescence intensity of 

each enriched pool binding to bead-immobilized IgG. R1 -R5 indicates the Round 1 ɬ Round 5. 

R5(C) indicates the fluorescence intensity of counter targets for Round 5, including polyclonal 

IgG and protein A/G.  

5.3.6 Affinity and Specificity of Enriched Pool 

 The specificity and affinity of the enriched pool from round 5 were characterized using a 

bead-based fluorescence microscopy assay. The pool from round 5 was collected and amplified 

through symmetric PCR, utilizing a FAM-labelled forward primer. Then, ssDNA separation was 

conducted to generate the enriched ssDNA pool from round 5. To evaluate specificity and affinity, 

different concentrations of ssDNA pools ranging from 0 to 800 nM were incubated with TNX7-
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coated beads as well as polyclonal-coated beads. After a thorough washing process, fluorescence 

images were acquired and the fluorescence intensities on the beads were quantified using ImageJ. 

The results demonstrated that the fluorescence intensity on TNX7-coated beads increased in 

correlation with the increasing concentration of ssDNA, while negligible fluorescence intensity 

was observed on polyclonal IgG-coated beads (Figure 5.7). This suggests that the enriched pool 

exhibits high specificity towards the target antibody TNX7. The affinity of the pool was further 

evaluated, yielding equilibrium dissociation constant (KD) value of 278.7 ± 15.4 nM. Such 

nanomolar level indicates that the pool possesses a high affinity for the target antibody TNX7. The 

success of obtaining this enriched pool with both high affinity and specificity to TNX7 was 

achieved by integrating the microfluidic SELEX platform with asymmetric PCR, which allows for 

on-chip selection monitoring, effectively improving the efficacy of aptamer selection. 

 

Figure 5.7: Characterization of affinity and specificity of enriched pool 5.  

5.4 Conclusion 

 In conclusion, aptamers have emerged as powerful nucleic acid-based affinity reagents 

with remarkable specificity and high affinity for diverse targets, making them valuable tools in 
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various applications, including biosensing, drug delivery, and cancer therapeutics. The traditional 

SELEX process has been labor-intensive and time-consuming, prompting the exploration of more 

efficient methods to streamline aptamer generation. Microfluidic-based SELEX has proven to be 

a game-changer, significantly reducing the time and reagent consumption required for aptamer 

isolation. The integration of positive selection, negative selection, and amplification through an 

solution-based asymmetric PCR approach has further enhanced the efficiency of microfluidic 

SELEX. By employing this innovative integrated microfluidic platform, we successfully 

conducted five rounds of SELEX for the monoclonal antibody TNX7 while continuously 

monitoring the selection process. This real-time monitoring capability allowed us to identify the 

optimal point to terminate the SELEX, preventing the loss of potential aptamer candidates and 

reducing the overall consumption of time and reagents. The development of such advanced 

microfluidic technologies holds great promise for expediting the discovery and application of 

aptamers in various fields, opening up new possibilities for targeted therapeutics and diagnostics. 
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Chapter 6: Cost-Effective Evaluation of Aptamer Candidates in 

SELEX-Based Aptamer Isolation  

6.1 Introduction  

 Aptamers are short, single-stranded nucleic acids that exhibit high affinity and specificity 

towards a diverse range of targets, such as small molecules [166], proteins [167], and even cells 

[97]. Their low cost, low immunogenicity, and ease of synthesis and modification have made 

aptamers a popular choice in diagnostics and therapeutics. In the field of biomedical research, 

aptamers have been utilized for targeted drug delivery [168], tumor imaging [169], and disease 

biomarker detection [170]. Additionally, aptamers have the potential to be applied in 

environmental monitoring [171], food safety [172], and industrial manufacturing [173]. Aptamers 

are typically isolated from randomized oligonucleotide libraries using an in-vitro iterative process 

of SELEX (Systematic Evolution of Ligands by EXponential enrichment). The SELEX process 

involves iterative rounds of binding, partitioning, and amplification to selectively enrich the 

oligonucleotide pool for the desired ligands from a large pool of random sequences, followed by 

sequencing of the enriched pools and subsequent aptamer identification from the sequencing 

information [55, 174]. In particular, the identification of aptamers from the sequencing results of 

enriched pools generated by SELEX is a critical step in the process.   

 Currently, aptamers are identified by assessing the binding affinity between aptamer 

candidates and target molecules using standard methods such as surface plasmon resonance (SPR) 

[92], enzyme-linked oligonucleotide assay (ELONA) [43], and fluorescence assays  [175-178]. 

One of the critical steps in this process involves the modification of aptamer molecules with 

attachment linkers or fluorescent dyes. For instance, aptamers are commonly biotinylated in SPR 

and ELONA, while modified with various fluorophores in fluorescence polarization or intensity 



 

119 

 

assays. While many modification labels, such as 6-FAM, standard biotin, and internal Cy3, can be 

attached during aptamer synthesis via phosphoroamidite chemistry, the conjugation procedures are 

still expensive and complicated. This is an especially limiting issue in SELEX, where the affinity 

of a large number of aptamer candidates (10~100 sequences) from the high-throughput sequencing 

data must be assessed [179, 180]. There is therefore an urgent need for a more efficient and cost-

effective modification approach to facilitate the affinity characterization of aptamers.  

 This chapter presents an approach to mitigate the time-consuming and expensive nature of 

current methods for aptamer identification from SELEX-generated target-binding oligonucleotide 

pools. The approach is based on a simplified and streamlined procedure to generate fluorophore-

labeled single-stranded DNA (ssDNA) copies of the aptamer pool and then assess the affinity of 

the resulting ssDNA strands to target molecules. Asymmetric PCR is used to generate and 

fluorescently label ssDNA in a single step, in contrast to the commonly used phosphoroamidite 

chemistry methods that typically require multi-step labelling procedures, expensive reagents, 

specialized expertise and equipment. In addition, the use of bead-based fluorescence assay offers 

sensitivity and convenience in aptamer characterization and identification. The fluorophore-

labeled ssDNA candidates can be readily captured on the surface of the target-coated beads, 

allowing for precise and sensitive measurement of fluorescence signals. The bead-based 

fluorescence assay also provides a seamless workflow since many aptamers are isolated through 

bead-based SELEX [58, 102, 150, 181]. The direct utilization of target molecule-coated beads 

obtained from the SELEX process eliminates the need for additional bead preparation, saving 

valuable time, resources, and effort. In a demonstration with an IgE protein aptamer, the 

asymmetric PCR-enabled approach was successful in generating fluorophore-labelled aptamers 

that showed specific binding to IgE protein. The approach was further applied to identify aptamers 
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from 12 candidates against a monoclonal IgG antibody with consistent results, but at a cost three 

times lower than the phosphoroamidite chemistry methods. 

6.2 Experimental Section  

6.2.1 Aptamer Identification Principle  

 Asymmetric PCR was used to amplify the unmodified ssDNA aptamer candidates and 

generate fluorophore-labelled ssDNA aptamer candidates. The asymmetric PCR reaction starts 

with the unmodified ssDNA aptamer candidates as templates, which are then mixed with a large 

excess of fluorophore-labeled forward primer and a small amount of reverse primer (with a ratio 

of 20:1). As a result of the asymmetric primer concentration, the extension of the aptamer strand 

with the higher forward primer concentration occurs more efficiently than the other strand. 

Therefore, the reaction predominantly amplifies one strand of the DNA template, and the resulting 

PCR product consist mostly of ssDNA aptamer candidates. Since the forward primer is labelled 

with fluorophore, the generated ssDNA aptamer candidates are labelled with fluorophore (Figure 

6.1). Then, the asymmetric PCR products were diluted with aptamer binding buffer and incubated 

with target molecule-coated beads. If the aptamer candidates can bind to the target molecules, 

fluorescence signals can be detected as the aptamer candidates are labelled with fluorophore.  As 

the cost of synthesizing unmodified aptamers is much lower than that of direct synthesis of 

fluorophore-conjugated aptamers, this approach can identify aptamers from a number of aptamer 

candidates in a cost-effective manner.   
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Figure 6.1: Schematics of aptamer identification through asy-PCR-generated fluorophore -

labelled aptamer candidates binding to bead-immobilized target molecules.   

6.2.2 Asymmetric PCR Procedure 

 Asymmetric PCR (with a 20:1 ratio of forward primer to reverse primer) was performed in 

a 100 µL mixture containing 5 µL of 100 nM unmodified aptamer candidate as template, 1 µL of 

100 µM FAM-labeled forward primer, 5 µL of 1 µM reverse primer, 0.5 µL of 5 U/µL Gotaq DNA 

polymerase, 2 µL of 10 mM dNTPs, 8 µL of 25 mM MgCl2, 20 µL of Gotaq 5  reaction buffer, 

and 58.5 µL of nucleic acid free H2O. Asymmetric PCR was performed on a thermal cycler (Bio-

Rad, CA) using following parameters: an initial denaturation at 95 °C for 3 min followed by 30 

amplification cycles at 95 °C for 30 s, annealing at 57 °C for 30 s, extension at 72 °C for 40 s and 

final extension at 72 °C for 2 min. The sequence of aptamer IGE1 is 5ô-

ATCCAGAGTGACGCAGCACTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTCA
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TGGACACGGTGGCTTAGT-3ô and the sequence of control aptamer is 5ô-

ATCCAGAGTGACGCAGCATTATACATTTGAAACCAGTATCTTATCATTAGTTTTTTTG

TGGACACGGTGGCTTAGT-3ô. The corresponding forward primer and reverse primer for IgE 

aptamer are 5ô-FAM-ATCCAGAGTGACGCAGCA-3ô and 5ô-ACTAAGCCACCGTGTCCA-3ô, 

respectively. The forward primer and reverse primer for TNX7 aptamers are 5ô-FAM- 

AGTGACCGAATCCAAACCCT-3ô and 5ô-AGCAGCCTTACCCCTATGGA-3ô, respectively. 

All oligonucleotides were purchased from Integrated DNA Technologies. 

6.2.3 Agarose Gel Electrophoresis 

 The asymmetric PCR products were analyzed on 3% agarose gel electrophoresis. For 

agarose gel preparation, 1.8 g of agarose powder (Bio-Rad 1613101) was added a flask containing 

60 mL of 1  Tris/Boric Acid/EDTA (TBE) buffer (Bio-Rad 1610733) and heated in a microwave 

until the agarose was completely dissolved. After the mixture was cooled to around 70-80°C (but 

still liquid), 3 µL of ethidium bromide (Bio Basic D0197) was added to the mixture before pouring 

it into the gel tray. Asymmetric PCR product (20 µL) was mixed with 5  loading buffer (5 µL) 

and loaded onto the prepared gel. After running at 120 V for 25 min, the gel was visualized by UV 

transilluminator.  

6.2.4 Aptamer Identification with Bead-Based Fluorescence Assay 

 Aptamers were identified from the asymmetric PCR-generated aptamer candidates through 

bead-based fluorescence assay. Target IgE protein were immobilized on microbeads using the 

same protocol of target-coated bead preparation used in the SELEX previously [182]. Briefly, an 

aliquot of 200 µL of NHS-activated SepharoseTM 4 Fast Flow slurry was incubated with 50 µg of 

protein and blocked with 100 mM of ethanolamine. The IgE-beads were dissolved in 500 µL of 

PBSM buffer (PBS with 2 mM MgCl2) and stored at 4 oC for use. To prepare TNX7-coated beads, 
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100 µL of protein A/G beads were incubated with 100 µg of monoclonal antibodies. After washing 

three times with 300 µL PBSM buffer, the TNX7-coated beads were suspended in 300 µL of 

selection buffer and stored at 4 oC for use. Then, 50 µL of FAM-labelled aptamer candidates from 

the asymmetric PCR were diluted with 40 µL of PBSM buffer. The concentration of directly-

synthesized aptamer candidates was 500 nM. Target-coated beads (10 µL) were incubated with 

these folded aptamer candidates. After incubation on a homemade rotator at room temperature for 

30 min and washing with 200 µL PBSM buffer for three times, the beads were injected into a 

microfluidic chamber developed by our group previously [131] and fluorescence images were 

acquired by the inverted fluorescence microscopy (Carl Zeiss Microscopy, LLC). The average 

fluorescence intensity on beads was quantified with ImageJ software.  

6.3 Results and Discussion  

6.3.1 Method Validation with  Model Aptamer against IgE 

 To validate that the asymmetric PCR can be used to generate fluorophore-labeled aptamer, 

a previously isolated aptamer against IgE protein, termed IGE1 [182], was used as model. 

Unmodified IGE1 was used as template for asymmetric PCR, with a ratio of FAM-labelled forward 

primer to reverse primer set at 20:1. Agarose gel electrophoresis was used to validate the successful 

amplification and generation of ssDNA IGE1 aptamer (Figure 6.2a). Lane 2 showed the 

asymmetric PCR product with aptamer IGE1 as template. Two bands were observed at 80 bp and 

~50 bp, with the band at 80 bp representing the dsDNA generated in asymmetric PCR, and the 

band at ~50 bp representing the ssDNA generated. Lane 3 showed the asymmetric PCR product 

of a control aptamer as a template for control. The control aptamer has the same primer region as 

the aptamer IGE1, but different sequence information in the core center region. No band was 
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observed in lane 5 for asymmetric PCR without template. The results confirm that the asymmetric 

PCR has successfully generated ssDNA aptamers from the unmodified IGE1 template. 

 To further validate that the FAM-labelled ssDNA aptamers generated from asymmetric 

PCR can specifically bind to IgE protein, microfluidic bead-based fluorescence microscopy assay 

was performed for these asymmetric PCR products. Microfluidic chip was used to enable accurate 

fluorescence measurement through precise control of washing buffer and the amount of the beads. 

The asymmetric PCR products were incubated with target molecule-coated beads (IgE-coated 

beads). After washing, florescence images were acquired and fluorescence intensities on beads 

were extracted. A brighter fluorescence image was observed only for asymmetric PCR product 

generated using IGE1 as a template, while negligible fluorescence was observed for the control 

aptamer as a template, no PCR amplification, and no template (Figure 6.2b). The measured 

fluorescence intensity of the aptamer IGE1 as a template was significantly higher than that of the 

control aptamer as a template (Figure 6.2c), confirming that the asymmetric PCR was able to 

amplify the unmodified aptamer and generate aptamer labelled with FAM. As such, the 

asymmetric PCR approach can distinguish real aptamers from non-binding ones, thereby 

facilitating the identification of aptamers from a pool of candidates in sequencing data. 
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Figure 6.2: Asymmetric PCR characterization of IgE aptamer. (a) Agarose gel electrophoresis 

analysis of PCR products. Lane 1: dsDNA of aptamer IGE1, lane 2: asymmetric PCR product with 

aptamer IGE1 as template, lane 3:  asymmetric PCR product with control aptamer as template, 

lane 4: ssDNA aptamer IGE1 loaded directly, lane 5: asymmetric PCR without template. (b) 

Fluorescence images of IgE-coated beads after interacting with PCR products. Scale bar: 200 µm. 

(c) Fluorescence intensity of IgE-coated beads after interacting with PCR products. Measurements 

were performed in triplicate and the data are shown as the mean ± SD in the graph. 

 To validate that the asymmetric PCR generated ssDNA aptamer is comparable to that of 

the FAM-labelled aptamer using the phosphoroamidite chemistry method, we first measured the 

concentration of ssDNA generated by asy-PCR using agarose gel electrophoresis method. As 

shown in Figure 6.3a, a standard curve was obtained by linearly fitting the integrated band intensity 

as a function of the known concentration of ssDNA aptamer (125 nM ï 1000 nM). Then, the 

concentration of ssDNA in asy-PCR amplicon was calculated to be 743.9 nM using the standard 

curve. Then, the amplicon was diluted to 10 nM with PBSM buffer and incubated with the IgE-

coated beads. The fluorescence intensity on the beads was acquired and compared with that of the 



 

126 

 

IgE-coated incubating with the 10 nM FAM-labelled aptamer generated by the phosphoroamidite 

chemistry method (Figure 6.3b). No significant difference was observed, indicating that the asy-

PCR generated FAM-labelled aptamer is comparable to that of aptamer generated from the 

phosphoroamidite chemistry method. 

 

Figure 6.3: Concentration measurement and comparative analysis of asymmetric PCR-generated 

ssDNA aptamer. (a) Quantification of ssDNA aptamer concentration generated through 

Asymmetric PCR using agarose gel electrophoresis to analyze PCR products. (b) Comparison 

between Asymmetric PCR-generated ssDNA aptamer and fluorophore -labelled aptamer 

produced by the phosphoramidite chemistry method. Error bars represent standard deviation (n 

= 3). Statistical significance was assessed using two-tailed unpaired Studen t's t-tests. 

6.3.2 Identifying Aptamers for  Monoclonal Antibody  

 We applied the approach to identify aptamers from a pool of candidates. Recently, we have 

performed 5-round microfluidic SELEX to isolate aptamers for a monoclonal IgG antibody, TNX7, 

targeting Spike protein of SARS-CoV-2 virus [183]. Though high-through next-generation 

sequencing, we obtained a large number of aptamer candidates from the final round of selection. 

These sequences were then aligned based on their abundance (a fraction of the total sequences), 

and the 12 most abundant sequences (abundance > 0.1%) were selected as the aptamer candidates 

for further characterization (Figure 6.4a).  
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 Asymmetric PCR was performed by using the 12 unmodified aptamer candidates as 

templates and characterized with agarose gel electrophoresis (Figure 6.4b). The forward primer 

was labelled with FAM. The resulting bands, observed at approximately ~50 bp, confirmed the 

successful amplification and generation of ssDNA aptamer candidates. Furthermore, no 

nonspecific amplicons were observed, as evidenced by the absence of any additional bands aside 

from those at 80 bp (dsDNA). Thus, the asymmetric PCR method was shown to be capable of 

amplifying and generating ssDNA aptamer candidates with high efficiency. 

 

Figure 6.4: (a) Sequence information of the most abundant 12 aptamer candidates from the last-

round pool of SELEX against antibody TNX7. (b)  Agarose gel electrophoresis of asymmetric PCR 

products with these aptamer candidates as templates.  

 




















































































