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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 moleculescanserve as precision tools for selective recognition and measurement
of specific biomoleculesn the fields of therapeutic drug monitoring and quality conimnol
recombinant protein productioim therapeutic drug monitoringffinity moleculescanenable the
accuratequantification of drug concentrations within physiological fluids, enhancing both the
safety and efficacy of clinical treatmenta.the realm of recombinant protein production, these
moleculescan allow precise isolation and measurement of desired recombinant proteins from
complex mixturesby selectively targeting specific protein tags or domaiassuing the
consistency and purity @irotein productsCurrently,antibodies are mbsommonly usedaffinity
reagentsn these fields budre limited byproduction complexity, batch variability, high cost, and
low stability. Apt amer s, known as bub cmmsed ofanlclectidedre b o di e
considered potential negeneration affinity reagent®\ptamers are obtained via synthetic
process, termed SELEX, of iterative affinity selection giodlymerase chain reactiofPCR
amplification of targebinding memberfrom a randomizealigonucleotiddibrary. This process
is traditionally laborand resourcéntensive and time-consuming In this thesis, microfluidic
technology is employed to enaltieme-efficient and costeffective generationof aptamers for
monoclonal antibodies and recombinant proteins toward applications in therapeutic drug

monitoring and quality control of recombinant protein production.



Thisthesisstarts with a comparative study of three SELEX strategies for aptamer isplation
including those using conventional agarose Hemgkd partitioning, microfluidic affinity selection
(cal l essefielit p o)handS\ iBieg@ted microfluidic affinity selection and PCR
amplification(t e r me e hii fo u |SJETheEcdmparisonresultsindicatethat chipselection
SELEX offersthe lowest cost andhighest efficiency in aptamer isolation. We then uship-
selection SELEX to streamline the proges isolating antidiotype aptamers targetirfguman
monoclonal antibodieagainstspike protein of SARSCoV-2 virus. The processs completed
within only 5 rounds of SELEX within two days, which represented a significant improvement
when compared to conventional methods whose complgimerallyrequiresmore than 10
SELEX rounds in up to a montithese antridiotype aptamergare combined witta graphene
based affinity nanosensor to enable rapid antibody concentration measurements to inform
therapeutic decisions in a timely mannaraddition amicrofluidic duataptamer sandwich assay
with highly efficient isolation of aptameisdeveloped to enable rapid and eeffective detection
of tagfused recombinant proteins. This approach addresses both the limsitd#ticurrent dual
aptamer assays and commonly encountered difficulties in the lack of aptamers available for such
assays, by first usinghip-selection SELEXto generate aptamers and then employing these
aptamers to implement a microfluidic dwedtamer assay for quality control during recombinant
protein production.

Despite the high efficiencyn aptamer isolation using chigelection SELEXthe full-chip
SELEX platform is still desiredfor minimal manual operatiomnd reagent consumptiohe
currentfull-chip SELEXplatformhaslow isolation efficiency andouldnot offer information of
affinity selection procesdderein by introduagng asymmetricPCR into the full-chip SELEX

processwe improve theefficiencyin aptamer isolatioandcansuccessfullynonitorthe selection



progressThis reaitime monitoring capability allogus to identify the optimal point to terminate
the SELEXprocesspreventing thgotentialloss of aptamer candidates and reducing the overall
consumption of time and reageritsaddition, introducing solution phatasedasymmetrid?CR
addresses notable technical challenge of-ohip PCR beadreplenishmenttoward complete
automation of théull-chip SELEX platform Furthermorea holder equipped with connection pins
is designed t@nabe the reversible connection between gold electrodesbutrical wires. This
design promotes the reusability of gold electrddposited glass substrates, resulting in a
substantial reduction in chip fabrication costs.

In addition to theSELEX protocoldevelopmentffort, we also present efficient and cost
effective microfluidic approachesor postSELEX aptamer characterizatipincluding aptamer
identification andkinetic aptamettarget binding measuments.To mitigate the expensive and
time-consuming nature of aptamer identification from SEL§efierated targdtinding sequence
pools we present an approach that is based on aeffesttive and efficient procedure to generate
modified singlestranded DNA copies of thaptamer 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 m®thods. 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 aptaft@get analyte bindingvithout

requiring speciapurpose equipment.
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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 anifia¢scategory of
therapeutic drugs includes traditional snmabblecule drugs and biopharmaceuticals like
antibodies, vaccines, gene therapies, and-b@sed therapies. These drugs find diverse
applications across various medical domains, encompassiatjoafediseases, 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
therapeutianonoclonal 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 §§]2025

These drugs utilize monoclonal antibodies, which are laboratagineered 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. Thicapipns 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 breastancef2] and rituximab (Rituxan) for B cell ymphom§s. They are used

to treat autoimmune disorders like rheumatoid arthritis, psoriasis, and multiple sclerosis by
modulating the immune system's activity and reducing inflammgtlorMonoclonal antibodies

can be developed to neutralize pathogens like the SB&RE2 virus responsible for COVH29.

They can be used for both treatment and preveftijoin addition, emerging research is exploring

the use of antibody drugs in neurodegenerative disorders like Alzheimer's {@easdibody

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, aigoing 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 eceiving 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 dosagendeded 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



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 tesditplan, making informed decisions to

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

therapeutic antibody drugs].

1.1.2 Current Methods of Therapeutic Antibody Drug Monitoring

Immunoassays are the gold standard methods used for monitoring therapeutic antibody
drugs, with liquid chromatographyass spectrometry (L-®IS) serving as a backup method for
this purpose. Enzymknked immunosorbent assay (ELISA) is a widely used methwd f
therapeutic antibody drug monitoring, allowing precise quantification of therapeutic antibody
levels in patient samplg8]. ELISA relies on the antigens or aitiotype 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 (egcroplate).
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 déffiie region of the therapeutic antibody, forming
a sandwicHike structure. The enzyme's substrate is added, leading to a colorimetric or fluorescent
signal that is proportional to the amount of therapeutic antibody preseM3 €&rves as a backup
when Igands or reagents specific to antibody drugs are not availabi&13 @r antibody drug
monitoring involves separating antibody components in a biological sample using liquid
chromatography, ionizing them, and then analyzing their {teaskarge ratios ina 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,



assessment of drug pharmacokinetics, and evaluation of therapeutic efficams Ip@vides
high sensitivity, specificity, and the capability to monitor various antibody ff®ms

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, muliep procedures, and extended incglatimes. To establish
sustainable and convenient drug monitoring tailored to individual patients;géaiate testing
offers an ideal solution due to its cadfectiveness and ease of implementation. Moreover, the
procurement of costly ligands likentiidiotype antibodies or antigens remains a challenge.
Consequently, there is a pressing need for the development of mowffeosve, 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 aplaroad spectrum,
including therapeutic drugs (such as insulin and monoclonal antibodies), vaccines, diagnostic
reagents, research tools, and industrial enzyjh@}s 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 protsifL1]. Recombinant protein market size is expected to grow
from $2.49 billion in 2023 td3.65 billion by 2028, at a compound annual growth rate of 7.91%

during the forecast period (202828)[12].



Production process ofrecombinantproteins. 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 expressiector. 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
syrthesis 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 meticiy@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 centrifugan 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 prdd&ssieq

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 thanight 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 pro@iaduction, helping to optimize cultivation

conditions and achieve higher yields. It also contributes to quality control by verifying that the



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 atekired protein

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

for its intended applications in research, diagnostics, and theraga6tid$]

1.2.2 Current Methods for Recombinant Protein Expression Monitoring

Mass spectrometry. Mass spectrometry (MS) is an analytical technique to identify and
guantify recombinant proteins based on their mass and spectral charac{d/isti® MS can
determine the composition, structure, and properties of molecules based on the¢o-chasge
ratio. In the context of recombinant protein detection, MS serves as a versatile tool. It functions by
ionizing protein molecules, separating them dase 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-fpasslational modifications, and the
potertial for absolute quantification. However, MS can be expensive and requires specialized
equipment and expertise. Sample preparation can also bedimsaming, and the technique may
have limitations when analyzing extremely large or small profé®is Due to these challenges,

MS remains a seldom used tool for the rapid detection of recombinant proteins in various research,
clinical, and biopharmaceutical applications.

Fluorescentfusion protein assaysFluorescent fusion proteins, like GFP, are genetically
encoded proteins that can be fused to recombinant proteins of ifig&jedthese 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 gemeagling a fluorescent protein tag is fused to the gene



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 reattime monitoring, quantification, and subcédlulocalization of the tagged protefial].
The advantages of fluorescent protein tags include theirinvaisive nature, redime
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) affagt protein function, and
photobleaching and sensitivity to environmental factors may limitteng 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 elecsisphore
followed by their transfer onto a membrd@2, 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. Wisliern blotting
provides information about protein size and allows qualitative or-gaamtitative analysis, it can
be timeconsuming, and variations in antibody specificity and efficiency may affect results. ELISA
employs specific antibodies immobilized a surface to capture the targeitpin 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 sensitiveaqtitative, and amenable to higfiroughput analysis.
However, proper antibody optimization is necessary, and false positives or negatives due to cross

reactivity can occufl5].



1.3 Aptamers as Reagents for TherapeutiDrug Monitoring and Quality Control of
Recombinant Protein Production

1.3.10verview of Aptamers as Affinity Reagents in Practical Applications

Aptamerareshort, singlestranded DNA or RNA molecus¢hat bind with high specificity
and affinity to particular target moleculsl]. The interaction of aptamers with the target involves
hydrogen bonding, van der Wadtsces, and hydrophobic interactions, and results in formation
of uniguethreed i mensi onal structure including regions
specific to the shape and chemical properties of the target moleculgsByolecular recognition
mechanism, aptamers can be considered analogs of antiddsiieg.an invitro 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, prateisss, and cellR4,

25]. Developedsynthdically, aptamers can be produced eeectively with minimized batctho-

batch variationsin addition, aptamersxhibit chemical stability under diverse environmental
conditions and can be readily modified and functionalized, enabling the attachment of additional
molecules such as fluorophores or drug payloadthermorepwing totheir small size, aptamers

can easily penetrate tissues, including solid tumors, facilitating targeted delivery of therapeutic
agents or imaging probeBhe small sizeof aptamerslso contributes tthelow immunogenicity

and reduced risk of adverse immune responses when utiliz@ebif25].

With theseunique physical and chemical characteristiaptamers are aattractive
alternative taantibodies irpracticalapplications such as small molecule recognition, intracellular
imaging and targeting, and-invo therapeuticsDue to their low immunogenicity, eliciting an
effective immune response for antibody generation against small molecules in animal bodies is

generally challenging. However, the-viiro process of SELEX enables the direct isolation of



aptamers for virtually any small molecule, regardless of its immunogenicity or toja6itR7]

This capability facilitates the development of biosensors crucial for diverse applications, including
environmental monitoring (e.g., toxins, heavy met§28)], therapeutic drug monitoring (e.g.,
antibiotics)[29], and medical diagnostics (e.g., metabolites, neurotransmifd&is)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 organelled-or instance, Duaet 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 tems of tumor penetratiof31]. 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, aphers 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 treatmerfi82].

Despite the numerous merits of aptamers, several key limitations pose challenges to their
successful clinical application8vailability of commercially validated aptamers may be limited
compared to welestablished antibodies. While hundreds of aptamers have been isolated, most of
their affinity is lower than antibodieAdditionally, 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 ecessitates a multidisciplinary approach encompassing chemistry, biology, and
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engineering. For instance, SomalLogic has employed modified nucleotides to prod ek higyh
aptamers targeting certain challenging proteins that had previously eluded successful selection
attemptgd33]. Various highthroughput 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 -@fdctive generation of aptamersptamers are
susceptible to rapid exonuclease degradation in serum, leading to a shtifi¢ b&lbnly tens of
minutes, contrasting with FDApproved antibodies which can have Hiaks of several days. To
address this compositional instability, reséars 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 Auclease
mediated degradion [35]. Another strategy to enhance nuclease resistance involves leveraging
multivalent effects by combining multiple functional groups. For instance, two aptamers can be
circularized into aivalent aptamer, resulting in increased binding affinity toward tafgéisit

is important to point out that there are many applications where nuclease degradation is not a major
concern. For examplehere is reduced nuclease activity in eye tissue, which is attractive for
aptametbased therapies. Notably, both F2fproved aptamerased drugs, Macuggf7] and

Izervay [38], are intended for treatment of eye diseases. Additionally, in many applications in
vitro, such as therapeutic antibody drug monitoring and quatitgrol 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 ggal be used without further amtuclease modification.
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1.32 Aptamers in Therapeutic Antibody Drug Monitoring
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1.33 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-effsctiveness make
them an attractive choice for bioprocess optimization and the developfregficient 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, severamerbased biosensors have been reported to achieve a
fast and sensitive detection of thged recombinant proteins. For example, a molecular beacon
aptamer was designed to directly detecttdgged Rep78 protein in cell lysdfd]. An aptamer
based colorimetric sensor was also developed to detectagdt®ntaining chitinase in
chitooligosaccharide solvef7]. 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. Duabptametbased sandwich assays involve a pair of aptamers, which bind vera gi
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 seitsitireusability, and low cog#8-51].
In particular, duabptamer assays are well suited to detectingfuagd 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 tafused protein, and a second aptamec#igeto 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

reagent$48, 52, 53] These limitations are especially exacerbated by the requirement of the assays
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for distinct epitopebinding aptamer pairs, whose isolation is generally challenging, laborious and
time consuming48, 54]
1.34 Aptamer Isolation via SELEX

Aptamers are isolated by anwitro process termed systematic evolution of ligands by
exponential enrichment (SELEX). In 1990, the SELEX technique was initially introduced by
Tuerk and Gold55]. They utilized nitrocellulose membranes as separation media to isolate RNA
sequences that exhibited a high affinky & 4.8 nM) for T4 DNA polymerase. In their work, the
term "Ligands" was used to denote the screened sequences. In parallel, Ellington and5&4ostak
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 gen&iaEXs process
begins with the incubation of a diverse pool of sirgjflanded 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 thigitial binding step, partitioning techniques are employed
to physically separate the tardemiund 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 lapygatpon 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 specifbinding 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 rountie 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 ifsaiveness in aptamer discovery, the traditional

approach is frequently characterized by its ttoasuming and costly natufe7].

1.35 Microfluidic SELEX

Recently, microfluidic technology has been considered as an innovative and highly
efficient approach to streamline and enhance the SELEX process for aptamer difg@\veey
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 SEBEcelerates 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, micrafidic SELEX significantly reduces sample and reagent
consumption, making it more resowefficient. Microfluidic platforms can be easily automated,
reducing the need for manual intervention and improving reproducitMitrofluidic 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 inbation times, leading to more castent 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 processigagpeous for aptamer discovery,
especially when time is a critical factor, as it occurs in many biomedical and biotechnological
applications.

CE-SELEX. Capillary electrophoresis SELEX (EEELEX) is the first microfluidic
approach employed to generate aptamers by involving the separation stage of[B&LEXh
efficiency separation is critical for aptamer generation. CE can achieve theffiggncy
partitioning through different migration rate of analytes with different charge in an applied electric
field. In CESELEX, a target molecule is incubatediwaptamer library and subsequently injected
into CE system to separate aptaitegget complex. The isolated complex is collected and
amplified by polymerase chain reaction for further rounds of SEEEX. Bowseret al [61]
isolated aptamers against immunoglobulin E (IgE) with nanomolar affinity in just four rounds
using CESELEX, while conventional SELEX requires eleven rounds. This indicates that CE
SELEX can significantly improve the efficiency of aptamer generation.iRgc€E-SELEX has
also been employed by (at al [62] to obtain aptamers against bovine lactoferrin just in two
rounds.

NECEEM-SELEX. Nonequilibrium capillary electrophoresis of equilibrium mixture
SELEX (NECEEMSELEX) was developed from G&ELEX. Different from CESELEX,
NECEEM-SELEX removes the PCR amplification stage between CE selection stages and just
performs only one round of PCémplification after several iterative CE selection processes to
amplify the isolated aptamer candidate pool. This aptamer selection process without intermediate

amplification stage is also called r@ELEX. Compared with GISELEX, NECEEMSELEX is
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more favorable for isolating aptamers with high affinity and specificity by decreasirgpeaoific
amplicons from higkeycle PCR. In addition, NECEEMSELEX decreases the consumption of
PCR reagents and amplification time. Currently, aptamers against pratgins, including
farnesyl transferasgs3], thermostable DNA mismatch binding protein (Muf®}], bovine
catalasg65], and tau proteif66], have been isolated usibnECEEM-SELEX successfully

In short, solution phasieased microfluidic SELEX techniques, such as SELEX CE
SELEX andNECEEM-SELEX, exhibit high efficiency for aptamer selection. Furthermore, these
solution phaséased techniques allow for selection of aptamers against complete targets without
altering the structures and properties of targets. However, one of drawbtukseasy 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 additiocagllary electrophoresibased 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 sbtidid
separation. Targets are immobilized on magnetic beads to achieveftiigdncy isolation of
aptameitarget complex by microfluidic SELEX. The first belbdsed microfluidic SELEX was
reported by Solet al.in 2009[67]. They designed a continuous flow magnetic activated chip to
perform the portioning step of SELEX by capturing the tacgetted 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 higkaffinity aptamers against protein targets have been obtained utilizing this chip
just one to three roundscluding botulinum neurotoxin type [&7], streptavidir{68, 69] platelet

derived growth factor BB proteif70], and apolipoprotein EF1]. ThereKp value ranges from
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0.028 to 63 nM. After that, Wanet al [72] in 2014 proposed an optimized microfluidic chip
incorporated with positive selection and negative selection units. They isolated aptamers against
myoglobin withKp values in the nanomolar range (from 4.93 to 6.38 nM) after seven rounds.
Similarly, Zhanget al. [73] developed the twainit magnetisrrcontrolled chip incorporating many
magnetic nanospheres on the bottle of the two units to trap the-¢aegjet magnetic beads.
Aptamers against Mucin [73] and Ebola virus proteinNg4] were selected after two and three
rounds, respectively. Thelkp values are in the range from 4.1 to 65 nM. In addition to the
separation methods of capturing magnetic beads in chambers, Letual[75] developed a
microfluidic chip to obtain aptamers against prossgtecific antigen (PSA) based on an
acoustofluidic separation technique. This chip can directly separate the complex of -dgf#mer
coated beads by providing simultaneous washing and separat continuous flow mode. After
eight rounds, an aptamer against PSA Wthof 0.7 nM was obtained. Lammertyt al. [76]
obtained an aptamer against influenza A nucleoproteinKwithalue of 17 nM by magnetic bead
based microfluidic SELEX.

Channelbased target immobilization. Different from the beatbased target
immobilization, Xuet 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 dottecbwiitier
proteins for negative selection. Using this chip, they took 7 days to finish 7 rounds to obtain
aptamers again$ctoferrinwith Kp values ranging from 0.92M 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
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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 develod@®] integrated devices capable of conducting SELEX
on a single microfluidic chip, including targaptamer incubation, separation, and PtziRed
amplification of enriched oligonucleotideshe handling of samples and reagents was
pneumatically controlled. Initially, targets were immobilized on magnetic beads and incubated
with a randonssDNAlibrary in a mixing chamber. Oligonucleotides that exhibited strong binding
to the targefunctionalized 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 4airgkhg strands were
transferred to another chamber using suetiased flow manipulation. Here, they underwent
amplification in solution via thermocyclingVith this integrated microfluidic SELEX chip, they
have isolated a number of higlffinity and-specificity aptamers against various targets, such as
tissues, cells, proteins, and viruses. For instance, aptamers against ovarian cancer tissues has been
obtaned with Kp values ranging from 129 to178 nM after six rounds for the first {ire¢ In
addition, they used the optimized integrated microfluidic chip successfully isolated various cancer
cell sé aptamer s wit h nan olikeockll§80], caorettal camcercellsi nc | u
[81], ovarian cancer cell82], as well as cholangiocarcinoma cg88]. Furthermore, aptamers
against various protein targets have also been obtained, includeactive protein (CRHYS8],
alphafetoprotein[84], hemoglobin[85], and three cardiovascular biomarkerst@minal pre
peptide of Btype natriuretic peptide, human cardiac troponin |, and fibrinog@é). The
efficiency of the devices in the processing of PCR product to yield sstigleded DNA is,

however, unclear. Specifically, while heating dsDNA in PCR product followed by rapid cooling
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allowed ssDNA extraction, the ssDNA stramalgy still quickly rehybridize to form dsDNAn the
cooling processyhich would causa significant loss of the amplified targeihding ssDNA and
affect the efficacy othe subsequent SELEX rounds addition, wile all reactiormaterials are
stored in the device itself, it leads to limited volumes for certain SELEX reagegtéibrary 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 combindsasedd
selection and PCR amplification to streamline the processes of )SEBH. Oligonucleotides
exhibiting high affinity to a target were isolated through tamgetted beads within a
microchamber. Subsequently, these oligonucleotides were hydrodynamically transferred into
another chamber, where they underwent capture and ampidificati primercoated 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 seamledntegrate the selection and amplification stages using
electrokinetic method§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 ofarp SELEX cycles possible. Additionally, the exposure of
thetarget to potentially harmful electric fields during affinity selection raised concerns about the
integrity of the target and potential adverse effects on taqgtaimer binding. Consequently,
addressing these issues is crucial for enhancing the reliamtitefficiency of SELEX procedures
conducted ofchip.In a recent developmerd|senet al. developed a SELEX approach integrating
selection, counteselection, and amplificatiof89]. 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 réale. Consequently, assessing the success of SELEX was only
possible after its completion. Overcoming this limitation offers significant benefits, asmeal
monitoring of aptamer enrichment and timely terminatiomefSELEX process could prevent the

loss of aptamer candidates due to-specific amplification caused by PCR bias. Additionally, it
would reduce both time and reagent consumption, thereby enhancing the efficiency of the SELEX

procedure.

1.36 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 diagnoshesapeutics, and
biosensing. Here are some commeun$ed methods for assessing aptamer characteristics.
Enzymelinked oligonucleotide assay (ELONA) is akin to the ELISA but uses aptamers instead of
antibodies as capture and detection molecules. It measuges binding through colorimetric,
fluorescence, or chemiluminescence sigils 90] Surface plasmon resonance (SPR) detects
changes in refractive index as aptamers bind to immobilized target molecules on a sensor surface.
It provides reatime information on binding kinetics, affinity, and specificii§1, 92] Isothermal
titration calorimetry (ITC) measures the heat released or absorbed during ajstayeer
interactions. It provides detailed information about thermodynamics, binding stoichiometry, and
binding constantf93]. 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 reattime [94, 95] Fluorescencbased 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 laptdeters are used
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to monitor binding interactions. Fluorescence microscf88}, flow cytometry[97, 98] and
fluorescence polarization assd99] 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
resourcdimited research laboratories. There is an urgent needffioreat, simple and cost
effective methodologies to enable the screening of aptamers from Sg¢mefated candidates

and measurement of aptanaaralyte binding kinetics.

1.4 Obijectives and Significance
This thesisseekso develop microfluidic methods for rapid and eeffectivegeneration

of high-affinity and highspecificity aptamers, serving as affinity reagantgsardapplications 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 presefiallenges. Aptamers, often referred to as ‘chemical
antibodies' due to their nucleotide compositiarg considered potential replacements. However,
traditional aptamer generation methods remain laftensive, resouremtensive, and time
consuming. The utilization of microfluidic technologies in this research is expected to enhance the
efficiency of he processThe 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

proteinsvia microfluidic selection method, and demonstration of the potential use of

these aptamers in therapeutic antibody drug monitoring and quality control of

recombinant protein production.

22



development of an automated integrated microfluidic SELEX platform capable of
achievingin-situ monitoring or tracking of the SELEX process.
Development of costffective microfluidic methods for assessing aptamer

characteristics.

1.5 Organization of Thesis

This thesis is dedicated to advancing tesghnologies for aptamer isolation, with a specific
focus on their applications in therapeutic drug monitoandprotein production quality control.
After providing an introduction in Chapter 1, Chapter 2 offers a comprehensive comparative
analysis of three SELEX strategies for aptamer isolafibese strategies include conventional
agarose bealdased partitioning, microfluidic affinity selectiga a | | ed efieleit p o,n SELE
and fully integrated microfluidic affinity selection combined with PCR afiggliion (termed
Afwlhl p SEhekeédts demonstrate that microfluidic ebglection SELEX emerges as
a costeffective and highly efficient method for aptamer isolation. Chapter 3 presents the
application of the microfluidic chigelection SELEX method to isolate aittiotype aptaners
tailored for monoclonal antibodies designed to combat the SB&RE2 virus. In Chapter 4, we
employ the microfluidic chigselection SELEX approach to isolate aptamers targeting His tag
fused recombinant proteins. e aptamers are then utilized in microfluidic daptamer
sandwich assays, enabling rapid and -eff&ctive detection of tafuised 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 enhdhcégp
SELEX platform that enables-gitu monitoring of the aptamer selection process while allowing
for the reuse of gold electrodleposited substrates. Chapterar@l 7 explorecosteffective

methods for aptamer identification within candidate pools and the measurement of dptgeter
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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 aptamé®®, 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 developmerjii00]. These methods, while based on the same underlying principles as the
conventional ones, focus on integrated handling of reagents to achieve meaHiciesit and
rapid discovery of aptamers. A number of studies, both theoretically and experimentaily, sh
that microfluidic technology can improve the efficiency of aptamer isolation by reducing the
background binding in the selection procg®s 10:103]. In addition, to alleviate the labor
intensiveness of the manual procedures in the SELEX process, a variety of microfluidic chips,
integrating then-vitro selection, amplification and strand separation onto a single chip have
been developed 04-106]. Previously, we have developedfait-chip SELEX methodhat
employs the presswgriven and electrokinetic transport of tardpatding oligonucleotides for
the discovery of aptamef$07, 108] Moreover, in a recent study, we have developed a
microfluidic SELEX device using bedshsed affinity selection and amplification procedures to
isolate the aptamers against targets such as glycans and Immunoglobulins rapidly without any
off-chip process&[109] While results from these studies demonstrate the potential of
microfluidic SELEX, there is yet any comparison of the microfluidas®sd 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 referr
beads, as well as two microfluidic implementations, the first of whitlased on a microfluidic

chip that fully integrates affinity selection, PCR amplification and sisttinded DNA (ssDNA)
conditioning-ch(itper @EHDEXmMf)ul | The ot her mi cr of |
microfluidic affinity selection but ofthip PCRad s s DNA condi t i-seledtiamng ( c al
SELEX0), which wil!l provi de i n-shipgffinitysselectiot o t he
for improving the efficiency and efficacy of SELEX processes. Using human immunoglobulin E

(IgE) as a model targgrotein 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 iteration&xperimental results showed that all three methods succeedsxdaiting

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

the chipselection and fulchip SELEX strategies both showed a significantly higher efficiency in
aptamer isolation by providing a higher stringgim selection conditions. These include reduced
background binding by rigorous washing, increased competitive binding by contiffmeus
operation, and enhanced selection enrichment by intimate interactions between oligonucleotides
and the intended targerhe microfluidic strategies also allowed aptamer isolation at lower cost

due by reducing the reagent consumption. Between the two microfluidic implementations, it was
shown that microfluidieselection SELEX offers low cost, shorter aptamer isolatioa imd high

aptamer enrichment efficiency, while fahip 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

2.2.1Conventional SELEX

The starting library used for the conventional SELEX was 2 nmol while the target protein
used was 50 |L of the IgiEoated agarose beads. Denaturation of the library was achieved by
heating at 95 € for 10 min followed by cooling to RT for 30 min. Incubatad the library and
the target protein was carried out at RT for 30 min by slow rotation on a homemade rotator. Next,
the targetboound molecules were separated from the unbound molecules by brief centrifugation.
The supernatant was removed and the sededegarose beads were washed with 300 L of PBS.
This was repeated for 3 times. The tafigetind nucleic acid molecules were eluted by heating at
95 € for 10 min in urea. The eluted molecules were concentrated by ethanol precipitation and
subjected to PR amplification on a thermal cycler( BIRAD, USA) for 6 <cycl es
PCR reaction mixture consists of PCR reaction buffer (10 mMH@bpH 8.8, 50 mM KCI, 0.08 %
(v/v) Nonidet P40), 1.5 mM Mgg|0.2 mM dNTP, 5 U of GoTag® DNA Polymerase arsl 0.€ M
of each primer. Following verification of the PCR band at the expected size using 3% agarose gel
electrophoresis, 10 |L of the master PCR product was used for large scale PCR amplification in 1
mL of reaction volume. The laregeale PCR product was raentrated using 10 kDa Microcon
Centrifugal Filter Unit. The concentrated PCR product was incubated with 120 L of Pierce
Streptavidin Agarose and the unbound molecules were removed. The ssDNA was released using
0.2 M NaOH by incubation for 10 min, beéoneutralization using 0.2 M HCI 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 L.
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2.2.2 OnChip Affinity Selection (Chip-Selection Microfluidic SELEX)

First,2 nmol of the initial library was heated at 95 for 10 min and immediately cooled
at -20°C for 4 min, followed by incubation at room temperature for another 5 min to fold the
ssDNA molecules. The library was incubated with 50 L of dgfkated agarose beads by slow
rotation on a homemade rotator for 30 min at RT. Next, the reaction mixtureubsegsently
injected into the chifselection chip with a pipette. Washing was carried out with 300 L of PBSM
buffer to remove the unbound ssDNA. An elution of 8was collected by heating the chamber
at 95 € for 4 min using PBSM buffer flow rate of 20./min.

Beadbased PCR was employed to generate ssDNA for the next round. Streptasatdid
beads were functionalized with biotinylated reverse primers. First, 200 |L of streptaoaiad
bead aliquot was washed three times with 60@{/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 L of PBS buffer and finally dissolved in 1 mL of PBSM buffer.

The collected elution mixture that contains the eluted ssDNA molec8&sl) was
incubated with 50 |L 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 rempobadflcentrifugation and
the ssDNA moleculesaptured PCR beads were washed with 200fPBSM for 3 times. Then,

100 L of PCR mixture containing 2 mM MgCI2, 0.2 mM dNTPM FAM -labelled forward
primer and 0.5 i of Gotaqg Flexi DNA Polymerase was added to the bead. PCR cycles were
performed on a thermal cycler (BIRAD, USA) using the following parameters: an initial
denaturation at 95 € followed by 26 amplification cycles of 30s denaturation at 95 €, 30 s

anneding at 55 €, 30 s extension at 72 € and final extension at 72 € for 3 min. The resulting
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amplicons including the PCR beads were injected into a newselggtion 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 theesoifthe beads were eluted
with PBSM buffer by heating the chamber at 95 € for 2 min. The collected ssDNA molecules
were concentrated to 10Q ffior the next round SELEX using an amicon ulit& centrifugal filter

unit by micracentrifuge (Labnet Specftage 24D, USA).

2.2.3 FulkChip SELEX

Multi-round fulkchip SELEX was carried out erhip 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 seleatidn, a
amplification), respectively, until the beads filled approximately half of the chamsbey pipette
Next, 500 L of 4 M (2 nmoles) of the library, which had previously been heated to 95 € for
five minutes and cooled back to room temperature, wagppd into the device (10 pL/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 p/min) through the selection
chamber to remove weakly binding oligonucleotides for 35 minutes. Buffertflmugh was
cdlected in fiveminute intervals, amplified by PCR, and imaged with a gel electropherogram to
verify successful removal of nésinding oligonucleotides through the washes and the retention of
strongbinding 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 (320 rounds), and the PCR product was purified with NucleoSpin PCR

cleanup Kit. The purified dsDNA was then quantified by Spectrophotometer (Impid). U
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Sample preparation for next generation sequencing was performed by following KAPA Hyper
Prep Kit protocol. MiSeq cartridge (lllumina, CA) was thawed to room temperature (2 hours). The
guantified samples were pooled together and diluted to a final cortcmmtcd 4 nM and
reconfirmed on Qubit. First, 5 L of the combined 4 nM library was mixed with 5 |L 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 wéth @ of cold HT1 (hybridization)
buffer. Next, 120 L of the new 20 pM solution was pipetted to a new tube and diluted with 480
L of HT1 buffer to a final concentration of 4 pM. The 4 pM sample was then spiked with 10 %
PhiX standards before loaded oe ttartridge. Sequencing was performed on lllumina MiSeq next
generation sequencer.
2.2.5 Determination ofBinding Affinity and Specificity

The equilibrium dissociation constaid) for selected aptamer was determined using a
chip-selection fluorescent assay. The FAdbelled aptamer candidates were diluted with PBSM
buffer to several different concentrations in 1QQ jthese aptamers were heated at 95 € for 10
min, followed by cooling at20 °C for 4 min and then incubated for another 5 min at room
temperature. Igi€oated agarose beads (20 pvere incubated with the folded aptamers. After 30
min of incubation, the reaction mixture was injected into the-shlpction chip. The unbound
nucleic acid molecules were removed vathyringe and washed with 300 4 of PBSM buffer. The
aptameiprotein complex remained trapped in the chamber. The fluorescence imaging of the
aptametigE complex was carried out by fluorescence microscopy (Carl Zeiss Microscopy, LLC)
and the fluorescenhiensities were quantified with ImageJ software. Kaevalues were then

calculated by fitting to the orste saturation equatiorY = BnaX/(Kp+X), whereY is the
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fluorescence intensityX is the aptamer concentration aBglax is the maximum fluorescence
intensity.
2.3 Results and Discussion

2.3.1 Conventional, ChipSelection and Full-Chip SELEX

Conventional, chigselection and Fuithip 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 diffeteategies 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 bggarose beadased separation of targsbund from unbound
molecules (Figur@.1a). The target eluted ssDNA molecules were concentrated and subjected to
PCR amplification before conversion to ssDNA by the bistieptavidin separation scheme. Prior
to the incubation of the ssDNA nucleic acid moleculéth whe targeimmobilized beads, the
folding of the nucleic acid molecules was achieved by heating at 95 € for 10 min followed by
cooling to RT at 30 min. Subsequent to this, the folded ssDNA molecules were incubated directly
with the Igeimmobilized NHSagarose 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 pitein 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 weufdit 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 aeidrget complex, the targebund nucleic acid
molecules were separated from unbound nucleic acid molecules. This was achieved by simple
centrifugation and washing to remove the unspecific binding. Elution & @& 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 sizzP&R amplification produces dsDNA molecules
which adopt doubklelix configuration, conversion to ssDNA is necessitdtetd]. Biotin-
streptavidin method was adopted, whereby the biotinylated PCR amplicon captured by the
streptavidincoated beads are denatured into ssDNA after the treatment with NaOH.

Chip-selection SELEX setup. Different from the agarose beadased conventional
SELEX, onchip affinity selection employed a microfluidic chip to perform the partitioning,
ssDNA conversion, and binding affinity characterization. All these steps ardohsad in ofchip
affinity selection (Figur@.1b). This microfluidic chip was designed with a PDM&sed chamber
(7.5 mm long, 2.5 mm wide and 240 pm tall) to trap the beads by a weir structure, as shown in
Figure 1c. The weir structure makes the height débahannel (20 pm) smaller than the diameters
of agarose beads (45 to 165 pun). The hexagonal geometry is adopted because it is favorable for
eliminating catastrophic bubbles. The complexes ofdghited agarose beads and nucleic acid
molecules were tramal 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 chipelection chip. The targébund nucleic acid molecules weezluted by
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heating the chip on a hotplate at 95 € 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 templatedydsedd®CR was
performed on a thermal cycler to generate amplicons. Thishmesatl 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 witheir 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 beadgere separated and eluted from their complementary strands by
heating the chip at 95 €. The collected ssDNA sample was concentrated td_1f00 fhe next
round SELEX using an ultr@.5 centrifugal filter. After 4 rounds of SELEX, the pool was collected
for nextgeneration 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. ThetuiSELEXchip 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 fehilp SELEX chip with pneumatic control. The
multimeter and power supply are controlled by LabVemsles for temperature manipulations in
the chambers of the Fedhip SELEX chips. Fuithip SELEX chip design is built on the
previously discussed echip 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 accoattate the sequential yet iterative key events in the SELEX processes
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(Figure2.1d). 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 amplification chamber. This compartmentalization ensures the
independent functioning of each module with high efficacy and efficiency. IrcRig SELEX,

the beads are for single use only. With the dual compartments, changing beads by reverse flow
does not interfere \th reactions occuing 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 héaduced dissociation, while the latter permits the execution

of thermal cycles corresponding to PCR conditions. ssDNA of the enriched library is geirerated
situinside the amplification chamber and can be transferred to the selection chamber without off
chip handling (automated), obviating the use of syringes or pgpttttransfer the molecules.
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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 SELEXchip.

The workflow offull-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 itk
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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
nonbinders and possibly some of the weak binders. The thogetl 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 streptaciated beads. Optionally, when transferring,

the ssDNA will be passed thrgh the beads in the countslection chamber and the counter
targets on those beads will capture the-specific binders. PCR mixture containing the reverse
primer was added to the amplification chamber containing the hybridized DNAs on the surface of
the streptavidircoated beads to carry out PCR amplification. During the heating ph@SeCat

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

chamber to initiate the next roundfafl-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 proceg agajuencing was
performed in the same batch. The sequencing data was analyzed with AptaSuitflLiddIKithe
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 -ttap @rffinity
selection andull-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,

regpectively. As a whole, the higher numbercoiunts obtained by echip affinity selection for

35



most of the aptamer candidates compared to conventional amuthifulSELEX 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™N& mM Mg*, and 25°C). The secondary
structural analysis of the first 5 candidates from all 3 types of SELEX procedures have revealed
that most of the structures formed stkrop structures. Loostructure 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 @ppe 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 tar§Ei2-114]. The unpaired, singlstranded form of the
loop region is also able to assume numerous interactions including the intermolecular hydrogen
bond within the epitope of the target proféitb]. 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 alstegprstructurgl13]. 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 sterdoop region. Even though there arevesal 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 SELEXnethods were chosen for the aptamer validation.
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SELEX Nam
Method e Sequences CPM
CGAGGGAAAGTGGGAGGGTGGGGGTAATTGCATGGG
IG1 GGTG 71.24
CGAGGTGTGGGGCAGGTGGGGGTTGGTGGGGGATTA
1IG2 TGGG 35.62
Convention GGGGTGGGAGGGGGGTTCTGTGGCGTTCTGTGGGGA
al IG3 GGG 30.28
GGGAGGGTGGACGGGGGGGTTAGTGCTTGGGGTGG(
1G4 GGGG 26.72
CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTT(
IG5 A 24.93
Ic1 CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTT(q 4235.
A 9
IC2 CTTTATCCGTTTTCTCTCAGTGGGTGTACGGAACTATG| 1729.
GT 6
Chip- IC3 TTCATCCGTTTCTCTCAGTGGTGCTGGTCCATGCCCC( 1438.
selection TT 9
CATTTATCCGTAACTTTTAGTGGTGTGACTGCGGAGG | 1034.
IC4 f16a 1
IC5 CTTTATCCGTTCTCTTCCAGTGGGTGCTGTACTGTTTG| 504.1
CG 6
CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTT(
IM1 A 23.68
AAATGTCTCTCTTATATTCGTATCCTATGTGTACCCAA
IM2 TG 6.96
Full-chip IM3 'I(;TACGATTGCTTAI [TTCTTTTTTACCCGTCTTGGATGT 6.96
TTATACATTTGAAACCAGTATCTTATCATTAGTTTTTT
IM4 TG 6.96
ACTATACTAACACCTAACAAGTTAGGGTTACTTTCAC
IM5 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, microflugktection and fulthip

SELEX, respectively) was chosen as an-hyiding aptamer candidate for furtheridakion. The
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affinity of IGE1 against IgE was determined with clsglection beatbased fluorescence assay.

The FAM-abelled IGE1 with different concentrations were incubated with 20fudgE-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 analyiedeftware ImageJ. The triplicate

signals were averaged for each concentratidG&fl. TheKp value was calculated by fitting to

the onesite saturation with nehinear regression analysis using Graph Pad R1i$6). TheKp

value of IGE1 was estimated at 96.2 +9.4 nM (FigRi®.
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Figure 2.2: Affinity characterization of selected aptamer. (a) Determination of the equilibrium
dissociation constant for IgE with aptamer IGEL. (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 sitngteded nucleic acids with
the target protein, separation of the tatfigetind nucleic acids from theabbound molecules, and
PCR amplification and singistranded DNA generatioMhe incubation of the singlgtranded

nucleic acids and the target takes approximately 30 min across conventicohlp affinity

38



selection andrull-chip SELEX The amount of initial sSSDNA 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 |L in each SELEX cycle.

Partitioning in any SELEX experiment refers to the separation of the-tawgatl nucleic
acid molecules from the unbound nucleic acid molecules. In the conventional SELEX, separation
is achieved via a brief centrifugationediated separation. Centrifugatiseparates the supernatant
and the resulting sediment, which are the aptgmatein complexes. The supernatant was
removed and the sediments were washed with the binding buffer. After the washing steps, the
bound molecules are eluted by hbased elutin. The heat treatment denatures the-lhgknd
nucleic acid molecules, releasing them into the denaturant urea. In both tselelsipon andrull-
chip SELEX the separation is much more efficient, as the aptanoeein complexes are trapped
in the hexagonal geometrical chamber, whereby the height of the outlet channel (20 pm) is smaller
than the diameters of agarose beads1@O pm). The excellent partitiong step of the chip
selection andrull-chip SELEXallows for a much more flourishing enrichmenotrpared to the
conventional SELEX based on the number of counts obtained. In tbleipmaffinity selection,
the enrichment counts are 4236 counts per million affeudd SELEX, which is much higher
than that of conventional SELEX (25 counts per milliter 4 rounds), as shown in Figit8a.
This is because that amhip affinity selection combined the higlfficiency of tubebased
incubation (nucleic acid library and lgtbated agarose beads) of conventional SELEX and much
more efficacious partitioningof microfluidic chips compared to the agarose beased
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 theetlartgeit
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ssDNA molecules. The time period for bezased PCR amplification is longer, as more cycles of
PCR amplification are required. Higher number of PCR cycles are needed to compensate for the
ratelimiting step incurred by the immobilized reverse primers erstirface 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 ethidiunrdmide staining while in owhip affinity selection,
fluorescent imaging of the beads is carried out to determine the extent of amplification. Though
the imaging of the amplicons in -ahip affinity selection is much faster, the traafé 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 infull-chip SELEXis integrated on the Futhip SELEX chipwith temperature
control by onchip electrodes and Labview codes.

We realized that the most tire@nsuming 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 swfatiee
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 ssSDNA
generation for both chipelection and-ull-chip SELEXis much fasteas heabased 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 priothe next round of SELEX.

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

achieved via pipetting. In the arhip affinity selection, these steps assisted by syringe pumps are
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automated, including washing, elution, and ssDNA conversion. Iachiydl SELEX, essentially
all steps are automated and integrated. The gold electrodes underneath the selection chamber are
controlled by Labview codes for temperature control. They carsée 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 ssSDNA for the next round of SELEX is approximageho8rs.
We realized that the most tireensuming step is the PCR amplification follavéy the
conversion of the dsDNA into ssDNA, which would requir8 Bours. 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 (Figu&3b). In terms of cost, it wasstimated 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 (Figure2.3c). As for the cost, the majority of the expenditure accounts for the
streptavidincoated bead, which would consume 20 USD per SELEX round. Compared with
conventional SELEX, owchip affinity selection is very fast, which only requires 2.5 hours per
round.In total, a total of oneay is required to carry out8rounds of SELEX. This is because in
chamber SELEX, beablased PCR is employed to directly generate the ssDNA and thus averting
the step of streptavidin beddsed 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 echip affinity selection is 48 USD, which is much lower than that of

conventional SELEX (Figur2.3c). The fastest SELEX procedures amaifighe 3 types is Full
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chip SELEX. A typical time scale for aréund SELEX is usually 9 hours including setup. Because
of integration and small scaleyll-chip SELEX is also cheaper than the conventional SELEX. The
cost for 1st roundull-chip SELEX is about 7.1 and 5.6 USD for other rounds. The total cost of a

4-roundfull-chip SELEX is estimated to be 52 USD, including the 28 USD for chip fabrication.
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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 bdmsed conventional SELEX, microfluidic ckéglection
SELEX, and fulichip SELEX. Experimental results showed that these metilbdacceeded in
isolating aptamers against the IgE protein. In particular, all three methods identified the aptamer
IGE1, which has a high affinityjkp = 96.2+ 9.4 nM) for IgE while showing negligible binding to
the controls. Comparison of the results lalowed us to observe the characteristics of the three
aptamer isolation methods. Conventional SELEX is lab@nsive, timeconsuming and high in
reagent use. Chipelection 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 fulichip SELEX). Fulichip SELEX, by use of beashsed PCR to provide a
tradeoff between the effectiveness of PCR and efficiency of amplification product processing,
allows onchip extraction of ssDNA from dsDNA, thereby addressing the ressturce and time
consuming step in the other two methods. As suchchif SELEX minimizes labeintensive

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+wsthblished role in treating cancers
and autoimmune disorddikl 7-119]. With global outbreak of coronavirus disease 2019 (CQVID
19), caused by the SARSoV-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 ayajlagie}
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 combinationgsbing vaccines. In this context
and using our original hybridoma fusitsased approach to generate fully human monoclonal
antibodies[121], we have been continuously collecting peripheral blood lymphocytes from
patients who survived different variants of SAR8V-2, and use them to generate a broad
inventory of Sprotein 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 di@gm 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 antidiotype aptamerfl22, 123] which are oligonucleotidbased ligands specific to
individual human antibodies that, here, bind to virgr&tein.

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 idiotypd i ndi ng di{ danpeo) r e ampgethosesthat woudidibee ¢ h ¢
specific for only that antibody (aniliotype reagents that are shared betweenamatogous
antibodies and that are true molecular imprints of immunogens are beyond the scope of the current
work). The standard approaches to tairggtidiotypes rely on either antiliotype antibodies or
antigen mimotope peptid¢$24, 125] but these affinity reagents suffer from shortcomings such
as lengthy manufacturing time (several months), high manufacturing costs, andoHzdtth
variability. Recently, aptamers have garnered considerable attention due to their unique advantages
ovea proteinbased affinity reagents, including ease of synthesis and modification, low cost,
thermal stability, reversible binding capabilities, and no baddbatch 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 referresl sgsaematic evolution of ligands
by exponential enrichment (SELEX5, 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 resowiogensive, timeconsuming and laborious, often necessitating
approximatelylO or more rounds of SELEX. For instance, Missailelisl isolated aptamers
against an arfMUC1 monoclonal antibody using a-t6und benchtop SELEX procedure with
both affinity selection and PCR amplification performed in tB8§ Huet al.obtained aptamers

for an antisaxitoxin antibody through 16 SELEX rounds with the antibody coated on the surface
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of a 96well plate to which solutiofborne library ssDNA molecules were exposed for affinity
selection[127]. Similarly, Wanget al isolated aptamers for ar#tearalenone antibody from 15
SELEX rounds with the antibody coated on\8éll plate surfaces for affinity selectiqh28].
Saitoet al isolated aptamers for a humanized monoclonal antibody targeting vascular endothelial
growth factor Ausing 14 SELEX rounds, wherein the antibody was immobilized on magnetic
beads and affinity selection was performed in ty8g

This chapterpresents anethod for rapid and streamlined isolation of aptamers targeting
idiotypes of mAbs specific to-Srotein of SARSCoV-2 virus, with potential applications in
quality control in antibody manufacturing, pharmacokinetic characterization, and antibody
monitoring for both healthy volunteers and pistected patients. We employ microfluidic
technology to streamline the process of isolating-ididtype aptamers targeting monoclonal
antibodies for S protein. Aptamer isolation can be ceteplin a significantly reduced number of
rounds of SELEX. In addition, we overcome the challenge of validating aptamers for specific
idiotypetargeting by using transmission electron microscopy (TEM) to directly observe the
interaction between aptamersdaidiotype regions of monoclonal antibodies. Furthermore,
achieving near redlme monitoring of mAb production and capturing rapid change of
physiological mAb levels during therapy are in general difficult using conventional methods such
as enzymdinked immunosorbent assay (ELISA), which is often tiomsuming (several hours,
sometimes overnight) and labimtensive. We combine the aidiiotype aptamers and graphene
based affinity nanosensors to enable rapid, {&eel and sensitive quantitation oftikody
concentration to inform timely decisianaking in both manufacturing and therapeutic contexts.
In our experiments, antiliotype aptamers with sutianomolar affinity toward an protein

monoclonal antibodies were isolated within just 5 rounds EIfESX within two days, which
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represented a significant improvement when compared to conventional methods whose completion
requires 1616 SELEX rounds in up to a month. Employed in grapHeased affinity nanosensors,

these isolated aptamers then allowed rapid measurements of artidoombntration in human
serum (tested in 4 minute$)ith these characteristics, our aittiotype aptamers can potentially

be used for monitoring of monoclonal antibody drugs for COY®D
3.2 Experimental Section

3.2.1 Materials and Reagents

Convalescent sera and matching peripheral blood from survivors of CO¥IDere
collected under IRB approved protocol. Peripheral blood mononuclear cells (PMNCs) were
isolated and fused with human hybridoma fusion partner cell line-B1&described eagli with
some modificationg121]. Briefly, PMNCs were depleted of-dells using negative magnetic
isolation (EasySdp Human T Cell Isolation Kit). Bells were collected and expanded on mouse
fibroblast cells L4.5, expressing human-@D (kind gift of Dr. Sonia Né&on from the Déartement
de Biochimie et Microbiologie, UniversitéLaval, Sainkoy, Qudec, Canada). Expaed B-cells
were fused to MFR and the resulting hybridomas were tested in ELISA using immobilized Spike
protein (D164G variant). Selected hybridomas were clones twioptedi to serurfree media
and antibodies were isolated using Protein A/G isolation protocol (BioRka)igonucleotides
were synthesized by Integrated DNA Technologies (Coralville, Wiyaries of singlestranded
DNA (ssDNA) contain a 4@ner randomized region linked to-2@er primerbinding sequences at
both ends (library f or -FAMBCCELECEGGGGGATATXGATEGNt i b o d
40N-ACCCTCATGTGCACTGTACG3 6 , l i brary for 5 NXV- ant i
AGTGACCGAATCCAAACCCT-40N-TCCATAGGGGTAAGGCTGCT3 6 )pike pBieins of

original strain SARSCoV-2 were purchased from ACROBIosystems. Mg&hd molecular
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biology grade water were procured from SigAldrich (St. Louis, MO). Deoxyribonucleotide
triphosphates (ANTPs) and GoTaq® Flexi DNA polymerase were obtained from Promega Corp.
( Madi son, wI ) . Dul beccods phosphat led aganokef er e d
beads (Pierce Streptavidin Agarose) were procured from ThermoFisher Pierce (Waltham, MA).
Protein A/G PLUSAgarose beads were purchased from Santa Cruz Biotechnology (Dallas, TX).
NHS-activated Sepharose® 4 Fast Flbeads and 10 kDa amicortrat0.5 centrifugal filter unit,
1-Pyrenebutyric acid Mydroxysuccinimide ester (PASE), ethanolamine, BSA hamdan serum
(H452220ML) were purchased from MilliporeSigma (Burlington, MAdJuman IgEprotein was
purchased from BioFront Technologies (Tallahassee, Boyw SYLGARDE 184 Silicone
Encapsulant Clear Kit was purchased from Ellsworth Adhesives (Germantowigikgielayer
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 L of protein A/G beads were rinsed three times with 300
L of selection buffer (PBS with 2 mM Mg@) and incubated with 100 pg of Am6H2 IgG
antibodies on a homemade rotator for atlroom temperature (RT). After washing three times
with 300 L of selection buffer, the target antibedgated beads were suspended in 300 LL of
selection buffer. Polyclonal IgG antibodies were immobiliaedNHSactivated agarose beads as
counterselection beads. The NHftivated agarose beads allowed random immobilization
instead of orientated immobilization of antibodies, thus making the constant region of antibody
exposed to ssDNA library. An aliquof 800 [L of NHS-activated SepharoseTM 4 Fast Flow

slurry was washed three times with 500 (L of PBS buffer. Then, 300 pg of polyclonal IgG was
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incubated with 200 L of NHSactivated agarose beads on a rotator at RT for 1 h. Following
washing three times with 500 L of PBS buffer, the agarose beads were incubated with 100 mM
of ethanolamine for 30 min at RT. The unbound ethanolamine was wasimes 3vith PBS buffer.
Finally, the polyclonal IgG beads were suspended in 500 L of selection buffer.
3.2.3 Microfluidi c Isolation of Anti-ldiotype 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 enrichm&itEX) [55, 56] Anti-idiotype
aptamers against arsi human monoclonal IgG1 antibodies, Am6H2, TNX1, and TNX7, were
isolated using microfluidic SELEX. e microfluidic chip was shown in Figur8.1. The
microfluidic chip consists of six hexagonal chambers (each 7.5 mm long, 2.5 mm wide and 200
pm tall), in which microbeads were trapped via a w#ie structure. The hexagonal shape can
minimize the trapping of bubbles. The weir structure made ¢ight (20 pm) of outlet channel
smaller than the diameter of microbeads-(#&b pm). Thus, these beads can be uniformly packed
in the microscale chamber, allowing for efficient interaction of molecules in a flowing stream with
beadimmobilized moleculesThe device was fabricated using standard multilayer soft lithography
techniques that was described elsewli£?8-131]. 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;ut, and bonded onto the glass sliEgure 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 um. The
height of outlet microchannel is 20 um caused by weir structure. The diameter of the agarose
microbeads is 45~165 pm with an average diameter of~90 um.

Five nmol of an initial randomized singdtranded DNA (ssDNA) library (FAMabelled)
diluted in 200 L of selection buffer was heated at@%or 10 min and immediately cooled-at
20°C 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 L of polyclonakligded beads
and 100 L of protein A/G beads to remove the {omders. Target Ig&oatedbeads were
injected into the positive selection chamber, and a nextdirpolyclonal 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 pi/min to remove the backgund 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 L 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 chambetGmA5 hotplate

for 1 min and a 20 |L 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 (L mixture containing 10
L of the elution solution as a template, 1 L 00Q M FAM -labeled forward primer, 5 (L of 1

M biotin -labeled reverse primer, 0.5 [L of 5 U/iGotaq DNA polymerase, 2 L of 10 mM
dNTPs, 8 L of 25 mM MgCJ, 20 L of Gotag 5 reaction buffer, and 53.5 |L of nucleic acid
free BO. Asymmetric PCR amplification with 25 cycles was performed on a thermal cycler using
following parameters: an initial denaturation at 95 € for 3 min followed by amplification cycles
at 95 € for 30 s, annealing at 57 € for 30 s, extension at 72 € 4@ s and final extension at

72 € for 2 min. Then, buffer exchange was performed for the asymmetric PCR amplicons by
usinga 10 K MWCO centrifugal filter. Finally, a 100 pL of asymmetric amplicons in PBSM buffer
was obtained and used for negtind selection by injecting (flow rate: 10 (L/min) into new
counter selection chamber and positive selection chamber filled withratesnpA/G and poly
lgG-coated beads and target 1gG antibadwated beads, respectively. Meanwhile, affinity of
enriched pools toward the target IgG antibody beads was monitored by an inverted fluorescence
microscopy (Carl Zeiss Microscopy, LLC) equippeidva 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 highihroughput sequencing technology (Azenta Life Sciences, New Jersey). The
sequencing data was analyzesing the AptaSuite toolkifl11]. The secondary structures of
selected aptamer candidates were predicted with the Mfold software (zuker algpr@8Bha) the
specific conditions (165 mM Na2 mM Mg, and 28C). 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 constaid) for selected aptamer was determined using a
beadbased fluorescent binding assay. The FkRidelled aptamer candidates were diluted with
PBSM buffer to several different concentrations (100 (L). These aptamers were heated at 95C
for 10 min, followed by ooling at-20°C 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 L) were incubated with thieléd aptamers. After incubation on a homemade
rotator at room temperature for 30 min and washing with 200 L washing buffer for three times,
images were acquired by the inverted fluorescence microscopy. The average fluorescence intensity
was quantified vth ImageJ software. Thiép values were then calculated by fitting with=
BmaxX/(Kp+X), whereY is the fluorescence intensit}is the aptamer concentration aBgax iS
the maximum fluorescence intensity. The specificity of the aptamers against t&gettilgodies

was also characterized with the assay by using other piadaied beads as controls.

3.2.5 AptamerBased PultDown Assay

Biotinylated aptamers (30 |L, 100 pM) were incubated with 200 (L of streptavidin beads
with gentle mixing engbverend on a homemade rotator at room temperature for 30 min. After
washing with PBSM buffer for six times, the aptarbends are suspended ird3Q PBSM buffer,
stored at £C. Duataptamer sandwich assay was performed to verify that the target IgG antibody
has been successfully captured by aptanead. A 20 (g of IgG antibody spiked in 20 L PBSM
buffer was incubated with the aptanieyads (5.L, 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 fiédidlled second aptamer (50 |L, 1

M) at room temperaturedr 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-tgdonoed SDS PAE. After washing
with PBSM buffer for three times, the beads were heated %G @& 5 min to release the captured
IgG. The elution (24 L) was mixed with 6 L of 5X loading buffer (10% w/v SDS, 10 mM
Dithiothreitol, 20% w/v Glycerol, 0.2 M TrsICL with pH 6.8, and 0.05% w/v bromophenolblue)
and loaded into the nereduced 10% SD®AGE acrylamide gel. The gel was run in running
buffer (25 mM TrisHCL, 200 mM Glycine, 0.1% w/v SDS) at 120 V until the bromophenolblue
in the loading buffer had migrated todeaf 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, ptdown assay was carried out to prove that the aptamer is
binding to fagment antigeinding (Fab) region of IgG antibody. IgG antibodies were first
digested into F(abdéd)2 and Fc fragments by usi
FragITE kit (Cat. No. AGFR6-010, Genovis). Then, 20 g of digested IgG fragments were
incubated with the aptaméeads (50 L, supernatant removed before incubating with antibodies)
on a homemade rotator at room temperature for 30 min. After washing with PB&ivithtee
times, the captured fragments on beads were released to baatmeddbdy the nomeduced 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 andbiotinylated aptamestreptavidin were incubated at a molar ratio of 1:2 for
1 hour at room temperature, and then diluted to 0.013 mg/imimediately before negative

staining with 2% (w/v) uranyl formate. The negatstain samples were imaged at room
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temperature with a Hitachi HT7800 electron microscope. Images were recorded using baginon
a TVIPS F416 camera using a defocus ofer® 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 256x286xel images with program e2box@id.py of the EMAN2
software package. After reduction of the images to 64 x 64 pixels, the particles were centered,
aligned to each other, and classified with tlegative stable alignment and clustering (ISAC2)
proceduramplemented 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 glassaslculated using
the original 256256pixel images.
3.2.7 Competitive Assay with S Protein

FAM-labelled aptamers were heated at 95 € for 10 min, followed by coolir@p&C for
4 min and then incubated for another 15 min at room temperature. Tharbeadilized target
IgG antibody (10 |L) was treated with 100 (L of 1 M aptamer with gentle mixing-emdrend
on a homemade rotator at RT for 30 min. After washing with PB&&er for three times and
removal of supernatant, the beads were incubated with 30 4560M of S protein with gentle
mixing endoverend on a homemade rotator at RT5 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 verifyltat the S protein was binding to the antibody, 50 (L of 1 M daB3elled ant

His tag aptamelil31] was used to label the S protein by binding to the His tag on the S protein.

54



3.2.8 Antibody DetectionProtocol

To verify that the aptamer can be applied for antibody drug monitoring, grapbhsaed
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 gréglseheonducting channel
connected to gold drain, source, and gate electrodes. The aptamer specific to the target 1gG
antibody was immobilized on the graphene with a linker-pf/enebutanoic acid succinimidyl
ester (PASE). The fabrication of the grapheneosansor was described elsewhdi@4, 135]
Briefly, 50 nm of Cr/Au electrodes (3 nm/4ifn) were patterned onto the Si®afer as a substrate
via lift -off photolithography processes. A monolayer graphene was transferred onto the drain
source electrode as conducting channel using a polymatithlacrylatd PMMA) carrier layer.
After removing the PMMA with acetone, PASE was immobilized on the graphene through
‘-’stacking as a | i wdnjegatedtaptameri Thdn, the ireeadded PASEWas o
passivated by ethanolamine. Finally, an openingn®in diameter was cut through ann-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 spikedQrila 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 consbMELY

programs.
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Figure 3.2: Aptameric graphene affinity nanosensor. (a) Schematic of the graphene nanosensor
The nanosensor is configured as an electrolytegated graphene field effect transistor, and is
integrated with a PDMS microfluidic well for liquid sample handling. (b) Micrograph of a
Nnanosensor.

3.3 Results and Discussion

3.3.1 Microfl uidic Isolation of Aptamers for Three Antibodies

Microfluidic SELEX was conducted to isolate aftiotype 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-amlbtype aptamer
isolation. Specifically, a mixture of polyclonal IgG beads (N&t$ivated beads) and protein A/G
beads was used for counter selection (Figurda)3Here, NHSactivated beads were used to
immobilize polyclonal IgG as counter targets because the covalent attachment allows for random
immobilization instead of orientated immobilization of antibodli&36, 137]and thus the constant
regions of the antibody are maximumly exposed to the ssDNA library, facilitating the removal of
nonantkridiotype aptamers. We monitored the selection process by characterizing the affinity of
each enriched pool for IgGoated beads 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 antib@dwated beads. This enabled us to track the

affinity of the ssDNA pools for these antibedgated beads throughout each selection round. After
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three rounds of SELEX, fluorescence intensities on target antibmated beads increased
significantly, while negligible changes were observed for counter taogeéd beads (Figures
3.3b-d), indicating that enriched pools with high affinity and specificity to target antibodies were
obtained. The fiftround pool was then sequenced using fgexteration sequencing technique
and analyzed with the AptaSuite toolKitL1]. 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 libnafgngths and primer regions. The

first 20 most abundant sequences for antibody (Am6H2, TNX1Ta7) were listed in Tables

3.1-3.3, respectively.
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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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SEEOKhAt IO OUUWEEUOEEOUWI YwUl gUI OET UwbOwl OQUPET T Ewx C

I D Sequence ,(A\E;);Jnda
AH ACGGCCGGGGATATTGATTGCCGGTGCTG19'7
Apt [ TATACCGGCCGGTACGGCAACCCTCATGT

AH ACGGCCGGGGATATTGATTGGCCGGGCGTll_3
Apt | GTAGGACGCCGGTGGTGGAACCCTCATGT

AH ACGGCCGGGGATATTGATTGTAGGGGCCClo_5

Apt |AGGGACCCGTAACATCGACACCCTCATGT

AH |ACGGCCGGGGATATTGATTGAGCCCGCGG
Apt ([ TAGCTGCGGGTGTTGAGGAACCCTCATGT

AH |ACGGCCGGGGATATTGATTGAGGGGCAGA

Apt GTAGATCTGCCTTGGGAGGACCCTCATGT9'7
AH ACGGCCGGGGATATTGATTGTAGTAGAAG9.3
Apt |[GCGTAGCAGCTTCCGCCGTACCCTCATGT
AH ACGGCCGGGGATATTGATTGTTCAACGGC9_3
Apt |[CGTAGCCGCCGAGATTGAGACCCTCATGT
AH ACGGCCGGGGATATTGATTGCCACCCGGT8_9
Apt | GGGGCTTATTACACGGCCAACCCTCATGT
AH ACGGCCGGGGATATTGATTGCCCGGTCGT8_9
Apt [ TGCTGGGCGTAGATATTAACCCTCATGTG
AH ACGGCCGGGGATATTGATTGTCAGCCACC8.1
Apt |[GTAGGGGTGGGATGCTTGAACCCTCATGT
AH |ACGGCCGGGGATATTGATTGGAGATTGCC 7 7
Apt [ TAGGGCAATTGAAGCTTCGACCCTCATGT
AH ACGGCCGGGGATATTGATTGTTACCAGAG7.3
Apt [ TGGGCGTAGCCACGAATCTACCCTCATGT
AH ACGGCCGGGGATATTGATTGTGTCGCGAT6.9

Apt |[GTAGCCGCGACAGGAGTAGACCCTCATGT

AH |ACGGCCGGGGATATTGATTGCCTGGCCGT
Apt |GGGCGTAAGGAAAGAAGAGACCCTCATGT

AH |ACGGCCGGGGATATTGATTGCATTCGCCC

Apt |AGGGCGAAAATGCGTCGGAACCCTCATGT %" °
AH |ACGGCCGGGGATATTGATTGGGAAAGATA .
Apt |GCGTAAGTCTATCGCCCTTACCCTCATGT
AH |ACGGCCGGGGATATTGATTGACGAGTGAG|,
Apt |[TAGCTCACTATCGGCTGTTACCCTCATGT
AH |[ACGGCCGGGGATATO/GRGGGAGGCCGTTG(,

Apt |[GTAGGCATCCCCAGTCTTAACCCTCATGT

AH |ACGGCCGGGGATATTGATTGTAGGAACTC
Apt I TAGGAGTTCCCCTCAGGTCACCCTCATGT
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AH
Apt

ACGGCCGGGGATATTGATTGGCCAAAGGA
GGGCGTAGCCTGGTGTGGCACCCTCATGT

Table 3.2: The most abundant 20 sequences in enriched pool against TNX1 antibody.

| D Sequence ?&;nda
TX1|ACGGCCGGGGATATTGATTGTGCGGGGT (

Apt |IGTTTTATGGGGAGGTTGGCTACCCTCAT(73.65
TX1|ACGGCCGGGGATATTGATTGTCAATTCT (

Apt I TTATGCGAAGCACCGTACACCCTCATGT (6. 65
TX1|ACGGCCGGGGATATTGATTGTATCTCTTT,

Apt |[CCGTCTTTTACGCCGTCAACCCTCATGT|5. 84
TX1|ACGGCCGGGGATATTGATTGTCTCCTTC(

Apt [ TTTAGGCTTTGCCCGTGTTACCCTCATG]5. 32
TX1|ACGGCCGGGGATATTGATTGTGGACGCC(

Apt |ATGGGTAGGTTGGCAGGCGGACCCTCAT(1. 175
TX1|ACGGCCGGGGATATTGATTGTGCGGAGT (

Apt |[GTTTTATGGGGAGGTTGGCTACCCTCAT(0. 99
TX1|ACGGCCGGGGATATTGATTGTGCGGGAT (

Apt |IGTTTTATGGGGAGGTTGGCTACCCTCAT(0. 55
TX1|ACGGCCGGGGATATTGATTGATACCCTCA

Apt |GGCCGGGGATATTGATTGTACCCTCATGTO0. 49
TX1|ACGGCCGGGGATATTGATTGTACCCTCAT

Apt |GCCGGGGATATTGATTGATACCCTCATGTO. 39
TX1|ACGGCCGGGGATATTGATTGTGCGAGGT (

Apt |[GTTTTATGGGGAGGTTGGCTACCCTCAT(0. 31
TX1|ACGGCCGGGGATATTGATTGTAGGGTTA(

Apt |[CAGCTGGGGTAAACAATAGACCCTCATG]0. 31
TX1|ACGGCCGGGGATATTGATTGTGCGTGGT (

Apt |[GTTTTATGGGGAGGTTGGCTACCCTCAT(0. 28
TX1|ACGGCCGGGGATATTGATTGACCCTCAT(

Apt |[CCGGGGATATTGATTGTAACCCTCATGT(GJO0. 27
TX1|ACGGCCGGGGATATTGATTGTATACCCTQ(

Apt |[CGGCCGGGGATATTGATTGACCCTCATGTO0. 27
TX1|ACGGCCGGGGATATTGATTGACCCTCAT(

Apt |CCGGGGATATTGATTGTATACCCTCATGT|0. 25
TX1|ACGGCCGGGGATATTGATTGATTACCCT(

Apt |[CGGCCGGGGATATTGATTGACCCTCATGTO0. 16
TX1|ACGGCCGGGGATATTGATTGTAACCCTCAH

Apt |GGCCGGGGATATTGATTGTACCCTCATGTO0. 15
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TX- |[ACGGCCGGGGATATTGATTGTCTCCTCT (
Apt I TTTAGGCTTTGCCCGTGTTACCCTCATG]0.10

TX1|ACGGCCGGGGATATTGATTGTGCGGGGT (
Apt |IGTTTTATGGGGAGGTTGGCTACCCTCAT(0. 1

TX1|ACGGCCGGGGATATTGATTGTGAACCCT (
Apt |[ICGGCCGGGGATATTGATTGACCCTCATGTO0. 07

Table 3.3: The most abundant 20 sequences in enriched pool against TNX7 antibody.

Abunda

| D Sequence ( %)

TX7|AGTGACCGAAT CCAARTAGCCTGZAITAAT GTAA/
Apt |GTATAAAGGGTAT CICCTAITIA A GGGGTAAGE30.10

AGTGACCGAAT CCAMARTATCTCAOGIGAT GGGT C
TX7|GTGTCGGCTTGGGAATTGGGG
Ap2t | TCCATAGGGGTAAGGCTGCT 21. 31

AGTGACCGAAT CCAARCEALTAGT GGGAT
TX7|TCGTTGGGGTATACTGTCGCG
Ap3t [ TCCATAGGGGTAAGGCTGCT 13.64

AGTGACCGAAT CCAMATACGBXATATTGAGGG
TX7|GGCTCAGATTGGATGGT GAAT
Apdt I TCCATAGGGGTAAGGCTGCT 9.32

AGTGACCGAAT CCAMAMEEETCATCGGCT
TX7 | AATTGGGATGGGGGGTTTCGA
Apt I TCCATAGGGGTAAGGCTGCT 7. 33

AGTGACCGAAT CCAARALETCOGGGATGGG
TX7|TGGATAAATGGGGGTCCGGGG
Apet | TCCATAGGGGTAAGGCTGCT 6. 77

AGTGACCGAATCCAGGBTLTIEGGATGGAGA
TX7|CAGCTCGGATGCGGGAAGGGC
Apit | TCCATAGGGGTAAGGCTGCT 3.14

AGTGACCGAATCCAQBGTEEGGATCGGAGT
TX7|GGGTTAATGGGGGTTTAGGTC
Ap8t I TCCATAGGGGTAAGGCTGCT 1.38

AGTGACCGAATCCARPRAEAIIGCGGTTTC
TX7|GTCATCGGATGCGGGGAGGGC
Apdt I TCCATAGGGGTAAGGCTGCT 1.00

AGTGACCGAATCCARPRLTCEATGGGTCAA
TX7|AGCAGGGATGCGGTTAGGGC
ApltQ TCCATAGGGGTAAGGCTGCT 0.69

AGTGACCGAATCCARPRPEETLTATCCTCGG
TX7|AGCAAGGATGCGGTTAGGGC
Aplt]] TCCATAGGGGTAAGGCTGCT 0.67
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T X7
A pit 2

AGTGACCGAATCCAGRELAIIT CGAGGAT
AGCTTCGGATGCGGGGAGGGC
TCCATAGGGGTAAGGCTGCT

.49

T X7
A plt3

AGTGACCGAAT CCARARCAETTGGATTCGT
AGACACGGATGCGGGGAGGGC
TCCATAGGGGTAAGGCTGCT

.31

T X7
A pit 4

AGTGACCGAATCCARPRLCAETTGAGTTGGT
GCCTCGGATGCGGGAAGGGC
TCCATAGGGGTAAGGCTGCT

.27

T X7
A pit5

AGTGACCGAATCCAQREETCTGGTTATCA
GCAACGGATGCGGGGAGGGC
TCCATAGGGGTAAGGCTGCT

. 23

T X7
A plt6

AGTGACCGAATCCAMREETCTTGT TTATAT /4
GACTCGGATGCGGGAAGGGC
TCCATAGGGGTAAGGCTGCT

.09

TX7
A plt 7

AGTGACCGAATCCABGRECBAEGGATACGTGG
GTCATGTTGACGGTGTGGTTG
TCCATAGGGGTAAGGCTGCT

. 09

T X7
A plt8

AGTGACCGAAT CCAMARTATCTCAOGIGAT GGGT C
GTATCGGCTTGGGAATTGGGG
TCCATAGGGGTAAGGCTGCT

.09

TX7
A plt9

AGTGACCGAAT CCAAQCETCAOGGGATGGG
TGGATAAATGGGGGTCCGGGG
TCCATAGGGGTAAGGCTGCT

. 089

T X7
A p2t0

AGTGACCGAAT CCARMRAALETCOGGGAT GGG
TGGATAAATGGGGGTCCGGGG

TCCATAGGGGTAAGGCTGCT

. 071

Aptamers were identified from the sequencing data and motif analysis was performed on

3.3.2Aptamer Identification
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the 20 most abundant sequences. A motif sequencaeatied from these aptamer candidates
against Am6H2 and TNX1 (Figures4a. and 3b), resulting in the truncation of nonessential
nucleotides to obtain a 17mer aptamer (AptT17) and a 37mer aptamer (T>AptT37),
respectively (Figures &d-3.4e). No motif was obtained for TNX7, so the most abundant 5
sequences were chosen as aptamer candidates and charactered with-tizsdddorescence
assay. Aptamer TXxApt3 showed the highest fluorescence intensity (Figude)3and was

truncated to obtain a 3@maptamer, TXAptT36, based on its secondary structure (Figudf.3.




The affinity of these aptamers was evaluated, and the values of equilibrium dissociation constant

were determined to b@2 7 nM, 278 39 nM, and 130 25 for aptamers AHAptT17, TX1-

AptT37, and TX?AptT36, respectively (Figures4&)-3.4i). The nanemolar level ofKp 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 observedtéoget antibodies with their corresponding aptamers,
while negligible fluorescence intensities were detected for control proteins (Figdy&s48.

These results indicate that the aptamers have high specificity, and there is A@axrbhgiy

against the three target antibodies that are the same type of antibodies targeting S protein,

suggesting that they bind to the idiotype region of antitsodie
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TGRS, RTINS T

_________________ ez ¢ ezTeere2RsNRANRRNRARDE

AH-Aptl  ATATTGATTGCCGGTGCTGCGCCTAGCCAATTATACC TN1-Aptl TGCGGGGTCTA TA TTTTAT ACGTTCGCCTACCCTCAT
AH-Apt2  GGCCGGGCGTCCGETECTGEGCCTAGCGACGCCGETGE TN1-Apt6é TGCGGAGTCTA TA TITTAT ACCTTGCCTACCCTCAT
AH-Apt3 TTGTAGGGGCCCGETECCGEECCTAGGGACCCGTAAC TN1-Apt7 TGCGGGATCTA TA TTTTAT ACGTTGECTACCCTCAT
AH-Apt8  TGATTGCCACCCGCTCCCGCCCCTAGCGGGECTTATT TN1-Aptl0 TGCGAGGTCTAGGGTA TTTTAT AGGTTGGCTACCCTCAT
AH-Aptll TGGAGATTGCCCCGTGCCCGECCTACGGCAATTGAAG TN1-Aptl2 TGCGGGGTCT! TA: TTTTAT AGGTTEGCTACCCTCAT
AH-Aptl5 TTGCATTCGCCCGGTGCC CGTAGGGCGARAATGC TN1-Aptl9 TGCGGGGTCCA TA TTTTAT AGGTTGGCTACCCTCAT
AHprtlg TGTAGGAACTCCGGTGCT CGTAGGAGTTCCCCTC /*-250
AH-Aptd  TGAGCCCGCGGCGGTGCTGGECCTAGCTGCGGGTGTT g (c)
AH-Apt6 AGTAGAAGCTGCGGTGCT CGTAGCAGCTTCCGCC :200 L m/h
AH-Apt7  TTCAACGGCGGCGGTGCCGGECCTAGCCGCCGAGATT 3
AH-Aptl2 CAGAGAAGTGGCGCTCCTGCCCCTAGCCACGAATCTA § 1501
AH-Aptl3 GTGTCGCGATGCGGTGCTGGECCTAGCCGCGACAGGA £
AH-Aptl7 TGACGAGTGAGCGGTGCCGGGCCTAGCTCACTATCGG 8 100
AH-Apt20 AAAGGACCAGGCGGTGCTGGECCTAGCCTGGTGTGGC S
AH-Apt10 GTCAGCCACCCCGTTGCCGGECGTAGGGGTGGGATGC 3
AH»AptlB GCAGGGGAGGCCGTTGCC: CGTAGGCATCCCCAGT g 50 I
AH-Apt5  GAGGGGCAGATCGGTGCTGGGCGTAGATCTGCCTTGG 3
AHprtg TGTGGGTATATCGGTGCT CGTAGATATTAACCCT = 0 > > ~ 8 > T
AH-Aptld GGCCGTCTGACTGGTGCTGCCCCTAACGAARGAAGAG 4’2_% *24 Ay e, %/S/}
AH-Aptl6  GAAAGATAGACTGGTGCCGCGCCTAACTCTATCGCC ty TP Ty g Tl
~ATGGq T
(@ 5 C (&) 7 G M jerce
| P r A(‘ & I
cCG T ; s G
[71 | T G C G
GGT-__ G ( I T G
G < o o A G
¥~ G G T
(C Gg_cG G A
T A-T "T-AT
A T—A G—C
( G—-C A1
( G—C Cc-G
| G—-C A-T
3 A-T G-C
5—T+C—3 5-C-G-3
AH-AptT17 TX1-AptT37 TX7-AptT36
5300 @ 5300 ) ;.300 0
© - : 1
=250t So50t £250
=) =
w b =
5 200r 2200+ @ 200|
L o S
= 150} E150} £150
51 L] )
5 100+ £100¢ 2100}
[5] (5] 8
g 50 Kp=32nM E 50+ Kp=278nM| g 50t Kp =130 nM
<] o <
3 b S L S L
c O . . @k 2%
0 50 100 150 200 250 300 0 200 400 600 800 1000 0 200 400 600 800 1000
Aptamer concentration (nM) Aptamer concentration (nM) Aptamer concentration (nM)
—300 —~300 —~300
2 NG S0
—250+ —250+ ;250
A T T Ry B fon 8 g A T T Ry A fon 8 0 A T T B B fos &
e, i, o, Pop, . 08 S e, Ty, s Cop T 08 Ss, sy, M, iy, Cop, oy, 08 B,
Ko A7 T Wl g, K o 7 T Py 4, ! %o M7 0 P g ’%4/ !

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 (I) 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.

3.3.3Aptamer-Based PultDown

Pull-down assay was performed to confirm the binding of aptamer to target antibody.
Aptamer AHAptT17 was chosen as a demonstration. Streptavidin beads were used to immobilize
the aptamer, and a fluorescent sandwich assay was performed using a secctabé&lled
aptamer as a reporter to detect the captured antibody (Figaje higher fluorescence intensity
was observed on AAptT17 beads that were used to pull down Am6H2, while negligible
fluorescence intensity was detected on aptamer beads fongpaliwn polyclonal 1gG and
scrambled aptamer beads for pulling down Am6H2 (Figusb)31gG proteins captured by the
aptamer beads were eluted and analyzed byreduced SDSFAGE, and a brighter band was
observed at the IgG antibody size of 150 kDa for thedT17 beads, indicating successful
capture of the target antibody (Figuré@. Lanes 1 and 2 showed the IgG that was subjected to
capture by the control aptamesated beads from polyclonal IgG and Am6H2 solution,
respectively. In both cases, negligible bands were observed, indicating that neither polyclonal IgG
nor Am6H2 was puied down by the control aptameoated beads. Lane 3 showed the polyclonal
IgG that was captured by the aptamer-AptT17-coated beads from polyclonal IgG solution, and
again, negligible bands were observed in this lane. This indicated that the aptaraeaklago
pull down polyclonal IgG. Therefore, these results confirmed that aptameApXHL7 was
specifically binding to the target antibody Am6H2.

To further confirm that the aptamer binds to the fragment anbgeting (Fab) region, the
anti body Am6H2 wa=sandd-c fiagmeritsaising ldeStprotealq, aahlgldly)specific
lgG-degrading enzyme. The aptaruerated beads were incubated with the digested IgG solution

t o capt uefagntemsewhiel were then released and characterized iyedooed SDS
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PAGE (Figure &d). Two bands at 100 kDa and 25 kDa were observed, which indicate that the
| gG has been s ucc e sard&dfragmentsi Agsignsfitastlg brightetband & ( a b 6
100 kDa, corresponding to the size of F(abt)jas only observed for the digested Am6H2 pulled
down by aptamer AFAptT17 beads, while no bands were observed for control aptamer and
digested polyclonal IgG, indicate that only the Faibggment has been pulled down by aptamer
AH-AptT17 beads and the Fc fragment has beemoved. 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-aptaetkr
beads did not pull dowany fragments from the digested polyclonal IgG and digested Am6H2
solution. Moreover, no bands were observed in lane 3, indicating that the aptardgit ’KH-

coated beads did not capture any fragments from the digested polyclonal IgG solution. This
provided further evidence that the aptamer-AptT17-coated beads did not bind to polyclonal
IgG. These consistent results confirmed the specific binding of aptamé&pfH.7 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)
SDSPAGE 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.

3.3.4Negative 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 protewia biotin-streptavidin interaction. We used singietin-
labeled aptamer AHAptT17 linked with streptavidin to study its binding to antibody Am6H2. We
observed the attachment of the aptafitdked streptavidin to the Fab region of the antibody,
providing evidence of the binding of thgpeamer to the Fab region (Figure$&8. However, the

yield of streptavidiraptamerantibody 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 rebdarther prioritized TNX7, and

we then utilized TEM to comprehensively characterize the aptamer binding to TNX7. To improve
the yield, we used dudliotin-labelled aptamer, which can increase the efficiency of streptavidin
binding. We used this approath visualize the binding between antibody TNX7 and aptamer
TX7-AptT36, resulting in an improved vyield of streptavidiptamerantibody complexes
compared to that of the singiéotin-labeled aptamer (FiguresB). We also observed two distinct
binding conformations, one in which the aptasieked 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 th first conformation in the EM experimenitjd is possibly due to

the different number of dudliotin-conjugated aptamers linked to streptavidin (Figuge)3.
Overall, our findings directly confirmed the specific binding of aptamers to the Fab region of

antibodies.

67



Streptavidin

Dual-biotin-
conjugated
Aptamer

Figure 3.6: Negative stain TEM 2D class averages showing the antibody-aptamer-streptavidin
complexes. (a) 2D classaverages 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.

3.3.5Competitive 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 Heagkd fluorescence microscope assay. The
assay involved saturating besxdmobilized antibodies with FAMabdled 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-ppegifipe
binding of the aptamer, whereas no significant change indicatepamnatope binding (Figure
3.7a). The coexistence of the aptamer and S protein on the antibody (FighjeaBd no
significant change in fluorescence intensity when S protein was added suggespetatope
binding of the aptamers to Am6H2 and TNX1 (Figure& Zand 37d). Competitive binding of
aptamer TX7AptT36 to TNX7 showed a significant decsean fluorescence signal upon addition

of S protein (Figure 3e), indicating paratopspecific binding of the aptamer to TNX7. As each
mADb has two independent antigbimding 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 sidl twanotherS
protein, indicating a partially bound (or part
various forms of mAb can coexist, including the free (unbound), parialind, and fully bound
variants. As the free and partially bound mAb forms are bioactive, assessment of their
concentration offers a more accurestimate of efficacious concentration and safety mt@a].

Given the competition between the S protein and aptamerApXY36, this specific aptamer can,

in principle, serve as a tool for measuring both free and partiddtyu8d 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 Am6H2coated beads binding to FAM-labelled
aptamer AH -AptT17 in the absence of S protein and in the presence of 500 nM S prtein. The S
protein was labeled with a Cy3 -conjugated anti-His tag aptamer. Scale bar is 200 pm. Normalized
fluorescence intensity of aptamers (c) AH-AptT17, (d) TX1-AptT37, and (e) TX7-Apt36 binding to
antibodies Am6H2, TNX1, and TNX7, respectiv ely, 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 Antibody 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 fieleeffect transistor (GFET) nanosensors, which wereeld@ed by our group
previously[134, 135] to enable the specific detection of antibodies in complex human samples.
The GFET device consists of a graphéased conducting channel that connects to gold drain

source and gate electrodes. During operation, the electric double layer at the integfapberie
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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 esairrce current in the graphene, which can be
measured to determine the concentration of antibody isatmple (Figure 8a).

As the devices were exposed to Odiluted human serum solutions spiked with increasing
concentrations of target antibodies, the Dirac poiataf) decreased, indicating that the binding
between the aptamer and antibody inducégoe 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 andhe ability to distinguish specific target IgG from polyclonal IgG in a complex
human matrix.The Dirac pan t S Wdiraf (EVdirac -0)Vdirac,), Was plotted against varying
concentrations of 1gG, whekiirac 0iS the Dirac point when the nanosensor was exposed to 0.1
human serum solution without target IgG antibody. Concentrdtienp e nd e nt Vgl Cr eas e
was observed for target antibodies Am6H2, TNX1, and TNX7, when binding to their respective
aptamers AHAptl7, TX1-Apt37, and TX?Apt36 (Figures Bb-d). The data was well fitted by
theHill-Lang mui r bi n WiadF /(K ecll),avhereaisthe mgximum response with
all binding site occupied; is the concentration of the applied Ig&Gis the effective dissociation
constant, and is the Hill coefficienf139, 140] TheKp values obtained from the binding curves
of the aptamers on the GFET platform, namely 13 nM, 243 nM, and 123 nM for aptamers AH
Aptl7, TX1-Apt37, and TX?Apt36, respectively, are indeed in close alignment witlkKéhealues
shown in Figure.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, asdomjas/ing
them free in solution in the fluorescence assay, may contribute to the varidtiowatues.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 concentrat[@d1], 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)J142, 143]and significantly lower than that of peptibased ELISA

(5000 ng/mL)[144]. However, ELISAs time-consuming (32 h), labofintensive, and expensive
(antridiotype antibodies are costly). The aptarhased GFET sensor can achieve simple and
rapid measurement (tested within 4 minutes). Typically, the administration regimen in clinical
trials could result in mean senuconcentrations of the antibody drug ranging from the nanomolar
level to the micromolar levdll45]. The clinical concentration range significantly exceeds the
limits of detection values (1~55 pM) of our GFET sensors. This suggests that abter@er
GFETSs 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
UT B iVdkauabthe 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 frmsetwithout 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-weald scenarios, the
immunogenicity of antibody drugs may prompt theman body to generate adtiug polyclonal
antibodies. However, in the case of our fully humanized antibody drugs, the formatiordvtignti
polyclonal antibodies may be prevented. We acknowledge the need for further investigation and
validation inacih i c al context to fully understand thes
To account for the possibility of polyclonal adftiug antibody generation, we have determined the
limit of detection values for this situation, which are 13 pM, 197 pM, @M 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 therapeutic antibodies. To address this
potential crosseactivity, a preadministration assessment can be performed in clinical case
scenarios using the aptammsed sensors. By establishing a baseline measurement, the
interference of antibodies gentrd by the immune system on the sensing device can be eliminated,
allowing for the subsequent monitoring of therapeutic antibody drug levels following injdation.

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 patientspecific 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 -Broteins, optimizing dosage fiegens and evaluating
treatment efficacy. We used microfluidic technology to enable rapid (within 5 rounds) and efficient
isolation of antiidiotype aptamers as the affinity reagents for three examples of monoclonal IgG
antibodies targeting S protein of B&CoV-2 virus. These nanomokvel aptamers were
validated by beatbased fluorescence microscopy assay,-@oNn assay and native stain
transmission electron microscopy, and integrated with graphene field effect transistor biosensors
to enable rapid (ithin 10 min), sensitive (with LOD of 1~55 pM), and specific detection of the
monoclonal antibody in human serum. These efforts highlight thatdiotlype aptamers, with
many advantages over afdiotype antibodies, can be excellent molecular recogneglements
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 aidiiotype aptamers will all high throughput aptamdrased
bioanalyses to be conducted, facilitating therapeutic program optimization, simple production

guantification, and quality control during the antibody manufacturing processes.
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Chapter 4: Microfluidic Dual -Aptamer Sandwich Assay for Rapid
and CostEffective Detection of Recombinant Proteins

4.1 Introduction

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 enzynj#8]. Effective monitoring of the expression processes
plays a crucial role in obtaining higjuality recombinant products and improving the overall
largescale production processes. Knowing exactly when to harvest recombinant proteins can
prevent low producyields due to premature harvesting or product degradation in bioreactors or
storage tankgl5, 146, 147] To achieve effective recombinant protein monitoring, a simple and
rapid detection method is requirdéusion tags are highly versatile tools for purification and
detection of recombinant proteins. A large variety of tag groups, such as poly histidine (His),
glutathione Stransferase (GST), Fc, FLAG, Myc, KT3, AU1, human influenza hemagglutinin
(HA), and GU-Glu tags, have been developed and used in the purification and detection of
recombinant proteins in various applicati¢hs8].

Currently, the detection of recombinant proteins mainly relies on immunoassays that use
antibodies as recognition elements including enziimed immunosorbent assay (ELISA) and
western blot, which are labamtensive and timeonsuming. In addition, thetypically require
large quantities of reagents and wtedlined techniciang15]. 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 mdlket@jes
Therefore, there is an urgent need for simple, rapid, aneetfestive alternative approaches for
detecting recombinant proteins.
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More recently, several aptamreased biosensors have been reported to achieve a fast and
sensitive detection of taigised recombinant proteins. For example, a molecular beacon aptamer
was designed to directly detect Hayged Rep78 protein in cell lysd@b]. An aptameibased
colorimetric sensor was also developed to detect-tdfjgontaining chitinase in
chitooligosaccharide solvef7]. 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. Duabptametbased sandwich assays involve a pair of aptamers, which bind vera gi
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 seitsitireusability, and low cog§#8-51].

In particular, duabptamer assays are well suited to detectingfuagd 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 tafused protein, and a second aptamec#igeto 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
reagent$48, 52, 53] These limitations are especially exacerbated by the requirement of the assays
for distinct epitopebinding aptamer pairs, whose isolation is generally challenging, laborious and
time consuming48, 54]

This chapter presents an approach to-dpthmer sandwich assays with highly efficient
isolation of aptamers to enable rapid and-eff&ctive detection of tafised recombinant proteins.

Our approach addresses both the limitation of the currentaghieaher 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 duataptamer assay. Using microfluidic SELEX (systematic evolution of ligands by
exponential enrichmenfl02, 150152), 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 duahptamer assay for detection of targetfizgpd recombinant protein.
Unlike existing microfluidic duabptamer methods that typically use a chamber of fixed volume
and require rather complicated operation with active valves and nip&rd 53] our assay is
based on a stream of a targentaining 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, theagsslows 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 aptamefuncdionalized 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 fpsirtref dualaptamer

based detection of téfgsed recombinant proteins, which provides a promising approach for rapid,
low-cost, and sensitive monitoring in largeale production of recombinant proteins. In our
experiments using Higagged IgE (HidgE) as a representative tdgsed recombinant protein,
aptamer pairs with subanomolar affinity toward Hisag and IgE were isolated within three and

four rounds of microfluidic SELEX within two days, respectively. Employed in a microfluidic
dualaptamer sandieh 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 apfameionalized surfaces.
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4.2 Experimental Section

4.2.1Device 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 ofutsgg recombinant protein by realizing a
microfluidic dualaptamer sandwich assay. The microfluidic chip congi$tsix hexagonal
chambers (each 7.5 mm long, 2.5 mm wide and 200 pm tall), in which microbeads were trapped
via a weirlike structure. The hexagonal shape can minimize the trapping of bubbles. The weir
structure made the height (20 pm) of outlet channebltn than the diameter of microbeads
(45~165 pm). Thus, these beads can be uniformly packed in the microscale chamber, allowing for
efficient interaction of molecules in a flowing stream with bemadhobilized molecules as well as
accurate determination dfuorescence intensity (Figure 4.1&s 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 dydhmer sandwich assayetheads are
covalently conjugated with a capture aptamer to capture thieisad recombinant protein in a
flowing fluid (Figure 4.1c). The device was fabricated using standard multilayer soft lithography
techniques that was described elsewhE28]. 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 aminemodified 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
pm.

4.2.2lmmobilization of Proteins on NHS-Activated Agarose Beads

An aliquot of 200 L of NHSactivated Sepharo8é4 Fast Flow slurry was washed three
times with 300 L of PBS (137 mM NacCl, 2.7 mM KCI, 10 mM ##Qs and 1.8 mM KHPQy).
First, 50 g of protein of interests was incubated with 200 L of N&tSivated agarose beads on
a homemade rotat@t room temperature (RT) for 30 min. Following washing three times with
300 | 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 L ofPBSM 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 singiranded DNA (ssDNA) library
(FAM-labelled) diluted in 200 (L of PBS buffer with 2 mM MgQIPBSM), was heated at 96
for 10 min and immediately cooled-20°C 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 {BiEPor 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
coakd beads. Here, HGFP was employed as target to isolate aptamers fetafjisince it is
extremely challenging to obtain DNA aptamers for GE®4], thereby increasing the selection
pressure of aptamers against #tig. The prepared library was injected into the microfluidic
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device by a velocity of 10 |[L/min. Then, 1 mL of washing buffer (PBSM, 0.05% Tween 20) was
injected to remove weakly binding or nonbinding oligonucleotides. A 20 L of lasttihmaugh
washing buffer was collected, amplified, and imaged with agaroséegtiophoresis to verify the
complete removal of nehinding oligonucleotides. Meanwhile, the selection process was
monitored by measuring the fluorescence intensity of the fluoropabedied ssDNA binding to

the targettoated beads in the positive sél@e chamber under an inverted fluorescence
microscope (Carl Zeiss Microscopy, LLC). Finally, an elution of 20 |L was collected by heating
the chamber at 92 € for 1 min at a flow rate of 20 L/min. Detailed parameters of aptamer
selection are shown in Tkb4.1. The collected elution was amplified by symmetric polymerase
chain reaction (PCR) and subsequently ssDNA was generated feronasgt selection by
asymmetric PCR. The collected elution was amplified by symmetric PCR in 100 L mixture
containing 20 L of the eluted targebinding oligonucleotides as a template, 1 L of 100 v
FAM-labeled forward primer, 1 (L of 100 M biotibabeled reverse primer, 0.5 1 L of 5 U/|L
Gotaq DNA polymerase, 2 L of 10 mM dNTPs, 8 L of 25 mM MgCR0 L of Gotaq 5
reaction buffer, and 47.5 L of nucleic acid free®4 Amplificationwas performed on a thermal
cycler using following parameters: an initial denaturation at 95 € for 3 min followed by
amplification cycles at 95 € for 30 s, annealing at 57 € for 30 s, exten at 72 € for 40 s and
final extension at 72 € for 2 minThe 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
L mixtu re containing 10 L of the dsDNA from the symmetric PCR mixture as a template, 1 [L
of 100 M FAM-labeled forward primer, 5 (L of 1 M biotidabeled reverse primer, 0.5 1 |L of

5 U/lL Gotag DNA polymerase, 2 |L of 10 mM dNTPs, 8 L of 25 mM Mg£ 20 L of Gotaq
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5x reaction buffer, and 53.5 L afucleic acid free ED. A 25 cycles of PCR amplification was
performed using the same parameters as the ates@ibed conditions of the symmetric PCR.
The amplified products were visualized on 3% agarose gels. To increase the selection pressure, a
decreased total volume ofyanmetric PCR mixture was used with increasing selection rounds.
For Histag SELEX, a total volume of 300 [L of asymmetric PCR mixture was used for selection
rounds 1 and 2, 200 (L of asymmetric PCR mixture was used for selection r8waras4. For

IgE SELEX, a total volume of 300 [L of asymmetric PCR mixture was used for selection rounds
1 and 2, 200 (L of asymmetric PCR mixture was used for selection round 3. After amplification,
buffer exchange was performed for the asymmetric PCRlieons by using a 10 K MWCO
centrifugal filter. Finally, a 200 L of asymmetric amplicons in PBSM buffer was obtained and
used for nextound selection.

SEEORMUKBED OUwOi wOPEUOI OUPEPEW2 $ +$ 7 wl BVwHOOEIUPD O w

His-Ta IgE
Round | Washing | Symmetric | Asymmetric | Round | Washing | Symmetric | Asymmetric
buffer PCR (100| PCR buffer PCR (100| PCR
volume | W) volume | )
1 500 WL | 18 cycles | 25 cycles,| 1 500 WL | 18 cycles | 25 cycles,
300 300
2 500 WL | 16 cycles | 25 cycles,| 2 500 L | 16 cycles | 25 cycles,
300 300 W
3 1000 L | 14 cycles | 25 cycles,| 3 1000 L | 14 cycles | 25 cycles,
200 W 200 W
4 1000 L | 12 cycles | 25 cycles,
200 W

4.2.3Next Generation Sequencing of Enriched Pools
The enriched pools were sequenced by a-thgbughput 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 preparati@xfgeneration
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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 (lllumina, CA).
Sequencing was performed on lllumina MiSeq next generation sequ&heesequencing data
was analyzed using the AptaSuite tooldifil]. The secondary structures of selected aptamer
candidates were predicted with the Mfold software (zuker algorifii®2] at the specific
conditions (165 mM N& 2 mM Mg, and 25°C). The motif analysis was performed by MEME
Suite[133].
4.2.4 Determination of Aptamer Affinity and Specificity

The equilibrium dissociation constamd) for selected aptamer was determined using a
beadbased fluorescent binding assay. The Fhldelled or Cy3abelled aptamer candidates were
diluted with PBSM buffer to several different concentrations (100 |L). These aptamers were
heated at 95 € for 10 mm, followed by cooling at20°C for 4 min and then incubated for another
15 min at room temperature. Target proteirated beads (20 |L) were incubated with the folded
aptamers. After incubation on a homemade rotator at room temperature for 30 minshirdywa
with 200 L washing buffer for three times, images were acquired by fluorescence microscopy
(Carl Zeiss Microscopy, LLC) equipped with aCite 120 LED Boost System, FL Filter Set 43
HE Cy3, and FL Filter Set 38 HE GFP. The average fluorescencsitgteras quantified with
ImageJ software. ThKp values were then calculated by fitting to the -gite saturation¥ =
BmaxX/(Kp+X) [155], whereY is the fluorescence intensifjs the aptamer concentration aBighx
is the maximum fluorescence intensity. The specificity of the aptamers against target proteins was
characterized by the bedadsed fluorescent binding assay. The 100 L of 500 nM fluorophore
labeled aptamers were incubating with the target pratested 20 L) and control proteircoated

beads (20 L) for 30 min. After washing with 200 L 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 Imdgedrescence polarization was performed for
aptamer specificity characterizatioA. 40 L of mixture containing 20 nM FAMabelled
aptamers and proteins with various concentrations dissolved in PBSM buffer was incubated at
room temperature for 20 min. A 40 L of 20 nM FAMbelled aptamer solution was used as a
reference. Fluorescencelarization of the samples was msaeed 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 priot@ptamer mixture.

4.2.5 Microfluidic Dual-Aptamer Sandwich Fluorescence Assay

Microfluidic duataptamer sandwich fluorescence assay was used to detect the recombinant
protein in cell cul t ur-aminomadifieal aptafmer ¢lisAIGS was. 1 e ) .
covalently conjugated to the NH&tivated beads to capture thedtiggel proteins. After washed
with PBS buffer for three times, 100 L of NH&tivated agarose beads was incubated with 400
L of 5 M amine-modified aptamer for 1 h at room temperature. Then, beads were blocked with
400 (L of 100 mM ethanolamine for 30 min @subsequently blocked with 5% BSA solution at
room temperature for 30 min. After washed with 300 L of PBS for three times, the aptamer
coated beads were resuspended with 300 L of PBSM buffer and storaé@ firdise. A 20 L
of the prepared aptamer beads was injected into the microfluidic chamber. Then, 100 |t 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 eabf 20 pL/min. After washing the beads will®0
L of PBSM buffer, 20 (L of 2 M FAM-labeled IgEAT35 aptamer against IgE was injected to

chamber to recognize the IgE captured by the aptaoeed beads for 1 min. Finally, after
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washing the beads with 100 L of PBSM buffer, the fluorescence imaging of the agtfner
complex was carried out by invert fluorescence microscopy with an exposure time of 150 ms and
the fluorescent intensities were quantified with ImageJ software. Tdus lveere 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®@ disturb the interaction of
aptamer and Hitagged proteins. Adr washing with 100 L of PBSM buffer, the chip could be

reused for a new batch of detection of-kigged proteins.

4.2.6 Materials and Reagents

Human IgE protein without Hit|ag was purchased from BioFront Technologies
(Tallahassee, FLRecombinant GFP without Hiag was purchased from Abcam (Cambridge,
UK). Human IgEFc Protein (Higag) was purchased from Sino Biological (Chir@)RSCoV-
2 Spike protein (Hidag) was purchased from ACROBIosystems. IgG gy was purchased
from Prospec Bio. Human IgG without Hiag was purchased from Athens Research &
Technology (Athens, GA). Human BClassociated X (BAX) protein (Hitag) was purchased
from OriGene (Rockville, MD). BAX peptide without Htag was purchased from AnaSpec
(Fremont CA). MgCl2 and molecular biology grade water were procured from Sigldach (St.
Louis, MO). Deoxyribonucleotide triphosphates (dNTPs) and GoTaq® Flexi DNA polymerase
were obtained from Promega Corp. (Madison, VRgcombinant GFP (Hitag), Dul becc o 6 s
phosphate buffered saline (PBS) and streptavidin coupled agarose beads (Pierce Streptavidin
Agarose) were procured from ThermoFisher Pierce (Waltham, MA¥-activated Sepharose®
4 Fast Flowbeads and 10 kDa amicon uldab centrifugal filter unit were purchased from

MilliporeSigma (Burlington, MA). Dow SYLGARIEE 184 Silicone Encapsulanti€ir Kit was
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purchased from Ellsworth Adhesives (Germantown, WI). The oligonucleotides were synthesized

by Integrated DNA Technologies (Coralville, 1A).

4.3 Results and Discussion

We first present results from characterization of microfluidic affinity selection of each
round, identification of aptamer candidates from Higtoughput sequencing data, as well as the
optimization of aptamers by truncation. Then, the resulting aptaararvas used for detection of
recombinant proteins by using a microfluidic daptamer sandwich assay. Hagged IgE was
used as a representative-faged recombinant protein target.
4.3.1 Microfluidic Isolation of Aptamers

We characterized the microfluiditased higkstringency conditions of aptamer isolation.
First, we calculated the molar ratiRifrargey Of SSDNA library to protein targets. A highbtarget
is favorable for isolating highffinity aptamers due to the highly stringent competitive binding
[102]. Our initial library was 10 nmole and protein target was 0.005 nmole. Thi&pthgetvalue
reaches 210 which is much higher than that of conventional SELEX (10~1(Dm]. 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 betve@/smolecules 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 {, ) from the center to the boundary of an interstitial space of the packed beads.
Assuming closgacked beadfl56]wi t h average bead diameter 90
was estimated to be ~15boraessDNA motecutestoreachstteldace f or

surfaces was then calculated to1e ¢ (0,7 CQ s pna P S Ossona ~ 1 101 m?/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 tothg ¢ —=~6s,wher®i s t he fl ow rate (10

thechamber,andi s t he chamber v oistheeffective-pdrosayl(50.5158 nd anc
of the chamber packed with beads. Sihgewas considerably smaller thdn, i was determined

that effective mass transfer could be achieved in the microfluidiciahjsolutionborne ssSDNA
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 effeztremoval of the unbound or wealdpund ssDNA
molecules with agarose gel electrophoresis. The last wash and the recovered pool for each SELEX
round were colleted, 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 #igares

and 4.2b, negligible bands were observed in the last washes of each SELEX rounddgrafis

IgE, respectively, while strong bands at the size of 80 bp were observed for the recovered pools.
This indicates that unbound and weaklyund DNA molecwds have been completely removed by

the rigorous washing. In addition, the asymmetric FfaRed 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 sizé 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: lastwash; 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 products for enriched pools against (c) His-tag and (d) IgE
by 3% agarose gel electrophoresis. L: ladder 20 bp; 1: asymmetric PCR products (20 pL); 2: initial
ssDNA library (20 pL, 1 pM).

The selection process was in situ monitored by measuring the fluorescence intensity of
fluorophoreconjugated ssDNA binding to the targetated beads. An increased fluorescence
intensity was observed on lgfbated beads and Hi3FR-coated beads after 3&d rounds of
selection, respectively (Gure 4.3). This means that the ssDNA pools have been enriched and
show a high affinity to beashmobilized target molecules. Therefore, the enriched pools can be

collected and amplified for nexfeneration sequeng.
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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 (¢) His -tag and (d) IgE. Scale bar: 200 um.

4.3.2ldentification of Aptamers with High Affinity and Specificity

The aptamers with high affinity and specificity to g 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 Hisihldhe highest
frequency (34%) was selected as an aptamer candidate and characterized witivpudssay.
The HisAl was first immobilized on beads by hybridizing with the biotinylated reverse primer.
Then, the HisAl aptamaoated beads were used tdl plown the GFP with or without Hitag.
A high green fluorescence intensity was observed on beads feGMHRs while no green
fluorescent intensity was observed for GFP without thet&jlgFiguret.4). The results mean that
only the GFP with Higag was pulled down successfully by the HisAl aptacoated beads,
indicating that the HisAl1 owns the capability of capturing thethliged proteins. Then, to
optimize the aptamer HisAl, truncation was perfed by stepwise removal of nucleotides from

both endsThe secondary structure HisA1 was predicted using Mfold (zuker algofil32] The
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HisAl has a sterbop 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 HisAl
T63) maintained the high affinity and any further efforts of trtinoaesulted in the loss of affinity.
The HisAET63 keeps the stetoop structure that could acts as the recognition element (Figure
4.7a). TheKp value of HisA1T63 was determined as 2649 nM by bea¢based fluorescence
assay (Figure 4b). The specitiity of HisA1-T63 toward Histag was confirmed by using proteins
with or without Histag (Figure 47c). The aptamer showed binding only to #igged proteins,
including HisGFP, HislgE, HisBAX, and HisSpike, while showed a minimal binding to these
control proteins (without Hisag). Furthermore, fluorescence polarization assay was used to verify
thebinding of aptamer to Hitag in solution. High fluorescence polarization change was observed
for His-IgE when incubating with HisAT63 and negligible siga was detected for IgE without
His-tag Figure 4.9. These results demonstrate that HisPa3 shows excellent specificity and

affinity toward Histag.

aptamer

Reverse
Primer ._#_ —
Cy3-aptamer

aptamer

Figure 4.4: Aptamer -based pull-down of His -GFP. Scale bar: 200 pniS
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Sequences Abundan
ACTGTGTGACTCCTGCAAAGGGGACTGCTCGG
ATTAGGGAGGGGCAGCTGTATCTTGTCTC 31.03
ACTGTGTGACTCCTGCAATAGGTGGGAGGGTG
AGTCCGCGGTGGCAGCTGTATCTTGTCTC 9.40
ACTGTGTGACTCCTGCAATGGCGGGAGGGTGG
GGCACGATATCAGCAGCTGTATCTTGTCTC 7. 34
TCTGTGTGACTCCTGCAAAGGGGACTGCTCGG
ATTAGGGAGGGGCAGCTGTATCTTGTCTC 1.01
ACTGTGTGACTCCTGCAAAGGGGACTGCTCGG
GTTAGGGAGGGGCAGCTGTATCTTGTCTC 0. 717
ACTGTGTGACTCCTGCAATGGCGGGAGGGTGG
GGCACGATATCGGCAGCTGTATCTTGTCTC 0. 635
CTTGTGTGACTCCTGCAAAGGGGACTGCTCGG
ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0. 382
ACTGTGTGACTCCTGCAACGGGGACTGCTCGG
ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0. 307
GATCTGTGACTCCTGCAAAGGGGACTGCTCGG
ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0.189
ATCTTGTGACTCCTGCAAAGGGGACTGCTCGG
ATTAGGGAGGGGCAGCTGTATCTTGTCTC 0.183
Family sequences Na me
ACTGTGTGACTCCTGCAAAGGGGACTGCTCGGHI sA1l
ATTAGGGAGGGGCAGCTGTATCTTGTCTC
ACTGTGTGACTCCTGCAATAGGTGGGAGGGTGHI sA2
AGTCCGCGGTGGCAGCTGTATCTTGTCTC
ACTGTGTGACTCCTGCAATGGCGGGAGGGTGGHI sA3
GGCACGATATCGGCAGCTGTATCTTGTCTC
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ID Sequences

Abundan

CAGCACCGTCAACTGAATGAGGGCTTTAT

| gEATGGGCCCTAAAAGGTCGTGATGCGATGGA

10.15

CAGCACCGTCAACTGAATTCATCCGTCCC

| gEAGTGAGGTGATGTAGCTGTGATGCGATGGA

3.04
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CAGCACCGTCAACTGAATGTTTTATCCGT
| gEACAGGCAGTGACCTATGGTGATGCGATGGAL. 85
CAGCACCGTCAACTGAATTGATCCGTCCAQ(C
| gEAGTGCGCGGCGTTTATAGTGATGCGATGGAL. 26
CAGCACCGTCAACTGAATTTATCCGTTAC
| gEATTGACCGGGCTTACGGTGATGCGATGGACL. 18
CAGCACCGTCAACTGAATTGATCCGTTAQC
| gEAGCTAGGGGGGTTCCCAGTGATGCGATGGAO. 59
CAGCACCGTCAACTGAATCACGCCATTAC
| gEAATTGCGGATAGGGCGCTGTGATGCGATGGO. 29
CAGCACCGTCAACTGAATTGACCCCCCTC
| gEATACGTTGCTCGTTGCGGTGATGCGATGGAO. 14
CAGCACCGTCAACTGAATCCCTCCACGGAH
| gEACTTTGATGATTTGGCGGTGATGCGATGGAO. 14
CAGCACCGTCAACTGAATCGATTCGCCCC
| gEATTTTTTTCATTCAGTTGGTGATGCGATGC0. 14
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Figure 4.5: His-tag aptamer truncation. (a) The secondary structure of aptamer HisAl 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 Igkere 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 sterfloop structure was also observed for these
sequences and we found that the motif sequence is the core region of theogtstructure. This
suggests that the motif sequence should be the binding region of aptamers against IgEeTherefo
based on the motif sequence and the dtap structure, a shorter aptamer of 35 nucleotides
(termed IgEAT35) was obtained (Figure@l). The Kp value of IgEAT35 was determined as
14.3t3.5 nM (Figure 47e), suggesting the aptamer has a high affitoityard IgE. In addition, as
shown in Figure Zf, the aptamer only binds to IgE, including thetigged IgE and netagged
IgE, showing a negligible binding to other control proteins such as Ig8gB8isHis-Spike, BAX,
and BSA, indicating that the aptamer exhibits an excellent specificity. Fudherftuorescence
polarization assay was used to verify the binding of aptamer tdablisn solution. High
fluorescence polarization change was detected for IgE, while minimal signal change was observed
for IgG when reacting with IgEA35 aptamer. These results suggest that the selected aptamers
(HisA1-T63 and IgEAT35) with high affinity and specificity to the targets (Hi#g and IgE) can

be employed to detect the Hegged IgE by forming a sandwich struetu
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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) HisAl-
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 werdirst optimized. Our goal is to apply our assay to detect anyusgd recombinant
proteins. Thus, we chose to use His aptamer as capture ligand so that the His@teddyeads
can be used for detection of other {tagged recombinant proteins (hiatited to the recombinant
IgE protein) without preparing new beads. The anmmamlified HiSAET63 aptamer at vging
concentrations were first investigated by immobilizing on Ndd¢8vated beads. The fluorescence
intensity increases gradually with increagiaptamer concentrations (Figur8a). However, the
background signal also increases remarkably as the aptamer concentration exceeds 5 M. This is
because the reporter aptamer (IgEE35) can partially hybridize with the capture aptamer (HisAl

T63) on beads at a high aptamer concentrativanEhough the difference between target signal
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and background signal still increases after 5 M, the increase is limited. Thus, the optimal
concentration was determined as 5 M considering suppressing the background signal and
reducing the consumption of aptamer. In addition, different flow rates 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 piL/min (Fig8iog. &£or instance,

the normalized fluorescence intensitiat 10, 20, and 30 L/min are 0.981, 0.961, and 0.884,

respectively. Considering the tirsensuming nature, the optimum flow rate was determined as

20 p/min.
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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 Reombinant Protein Detection in Cell Culture Media

The microfluidic dual aptamer assay was then used to detetadtisd recombinant IgE
at varying concentration in cell culture media (Figu@a. The fluorescence images at varying
concentrations were obtained (Figurgbj.and the fluorescence intensity was analyzed by ImageJ.
The data were fitted to the Langmuir isotherm mogemaxc/(k+c) [159], wherey is the

fluorescence intensity at the specific concentration of target pratgiry«fax 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 coefficier®?] of 0.994 (Figures 8c). The microfluidie

based duaaptamer 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 blafk60]. The whole detection time was less than 10 min. To
characterize the precision and reproducibility of the microfluidic-dptmer assay, the irntra
assay and intesissay variabilities were evaluated. The wasaay variability was the variability

of thesame sample analyzed in parallel for five times with the same batch of the aptateer

beads. The inteassay variability was tested in the same way but using five different batches of
the aptamer beads. The inrigsay and intesissay variabilities werdetermined by the coefficient

of variability (CV = SD/mean). As shown in Table 4.4, the CV values of-agsay variability are

6.6% and 8.6% for 20 nM and 200 nM, respectively. The CV values ofdasay variability are

9.7% and 12.6% for 20 nM and@ nM, respectively. The values of intnasay variability are
smaller than 10% and the CV values of iraesay variability are smaller than 15%, indicating that

the microfluidic dualaptamer 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 Hs-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
pm. Error bars correspond to standard deviation (n = 3).

2#0wWUUEOEEVEWE] YPEUDPOOwWwpOwA wk AKOw" 50 wEOTI I 1 PEDI OO wO
Sample Intra -assay Inter -assay
Conc. Mean SD Ccv Mean SD Ccv
(nM)
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 duaptamer sandwich assay was characterized with six
controls proteins, including IgE, 1gG, HigG, His-Spike, HisBAX, and BSA. In particular,he
His-tagged 1gG, Higagged Spike and Himgged BAX proteins were used as control proteins to
mimic the histidineenriched proteins in cell culture media. As shown in Figut8, 4nly HisIgE
showed a high fluorescence intensity and negligible detection signals were obtained for these
control proteins, indicating that the aroiacids 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 aspedifically 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 thetmBegeneration not only allows
performing more assays on a single chip to reduce cosgldmienables the measurement of a
single control sample under identical experimental conditions, thus providing more precise

controls of the assay and avoiding fapsssitive or falsenegative resultgl61, 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 um. Error bars corrggond to standard deviation (n
=3).

4.3.6 Rgeneration

Here, we characterized the regenerability of the microfluidic-dptmer assay. HisAl
T63 aptamer could completely lose the affinity to-tdigged GFP at high temperature of°@0
for 30 s. After returning to room temperature, binding ability of aptamer was recovered. This
means that the aptarenated beads can be regenerated by heating since the denature of aptamers
at the high temperature can change the affinity of aptam&aegiets. This is one of advantages of
aptamers compared to antibodies ta protein with low heat resistance. In the eagtamer
sandwich system of HisAT63/HisIgE/IgEA-T35, heating can remove the HgE/IgEA-T35
complex and the HisAT63 aptamer was still retained on the beads for reuse. The microfluidic
aptametbased deiction system exhibited consistent detection signal values fdgHiafter 20
time regeneration with a variation less than 7.6% (Figur® 4T his suggests that the microfluidic

detection chip possessed the capability of the consistent and senseisteodetf the Higagged
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recombinant proteins after reuse for multiple times. This significantly reduces the detection cost

per assay.
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Figure 4.11: Regeneration characterization of the microfluidic dual -aptamer assay. (@)
Fluorescence images for the regeneration process. (b) Normalized Fluorescence intensity at
different regeneration times. Protein concentration: 200 nM. Scale bar: 200 pm. Error bars
correspond to standard deviation (n = 3). Statistical analysis was performed using two-tailed
UOx EDUI E w 2ddtsl B-valdds aftdrs L0, 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-dpgmer sandwich assays with highly
efficient isolation of aptamers to enable rapid and -effsctive detection of tafused
recombinant proteins. This approach addresses the limitations of thegedisti@ptamer 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 dualptamerassay for recombinant protein detection. This
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approach was demonstrated by using-tdgged IgE as a representative-taged recombinant
protein. We first used microfluidic SELEX to isolate two aptamers, Hi$83 and IgEAT35,

with high affinity (Kp < 50 nM) and specificity toward Higg 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 dfigged IgE protein in cell culture media withid thin with a

limit of detection of 7.1 nM. In adddn, by thermally releasing and washing away the captured
target proteins, the aptamimctionalized 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 duaptametbased detection of tagsed recombinant proteins. This
efficient, lowcost 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

5.1Introduction

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, microfluigicwides 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 waliay [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 cduhot only prevent the loss of aptamer candidates caused by
the nonspecific 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 f€350

In thechapter 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 bdazaksed PCR, asymmetric PCR has three significa
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 ghesed agmmetric PCR has a higher

amplification efficiency over the solid phabased beatiased PCR. Third, asymmetric PCR does
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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 connegtimis to enable the reversible
connection between gold electrodes and electrical wires. This allows for the reuse of the gold
electrodedeposited glass substrates, significantly reducing the fabrication cost of PCR chip. Using
the integrated device with asynetric 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 templdte63]. 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, tharimer 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 concentratioraaf former.
This generates an abundance of ssDNA molecules for the subsequent rounds of SELEX.
5.2.2 ChipDespn 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 beddsed PCR that was used in our previous SELEX methods. As show i

Figure 5.1b, there are three chambers in our microfluidic chip. One is the eseileteion
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chamber that is used to remove the binding molecules toanget proteins and beads. Other two
chambers have the same function that is the positive selection and asymmetiimagedR
amplification. The aptamer candidates travel to selection/PCR chambevHich targebinding

ssDNA from a randomized ssDNA library is captured by target molecules immobilized on agarose
microbeads. After washing the nonbinders, the taogeting sSDNA was directly amplified by

an onchip asymmetric PCR utilizing the teewature 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.

5.2.20n-Chip Asymmetric PCR Procedure

For each asymmetric PCR, a master mix was prepared containing 2 |L of Go&sspban
buffer, 0.8 L of 25 mM MgC4, 0.1 (L of 100 pM forward primer, 0.5 |L of 1 M reverse primer,
0.1 L of 5 U/|lL Gotag DNA polymerase, 0.2 (L of 10 mM dNTPs, and 3.3 L of nuclease free
H20. 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 (Agiddmologies, CA)
for resistance measurement of temperagaresor and a power supply (Agilent Technologies, CA)
for supplying power to the heater, which are connected to a computer with a LabVIEW program
for closedloop temperature control. Amplification was performed using following parameters: an
initial denatuation at 90 € for 20 s followed by 40 amplification cycles at 90 € for 5 s, annealing
at 50 € for 15 s, extension at 72 € for 15 s and final extension at 72 € for 30 s. The amplicons
were visualized on 3% agarose gels. For characterization of thenesyiomPCR with beathased
fluorescence microscope assay, the forward pr
end. The amindabelled cDNA probe was immobilized on NHStivated microbeads
(MilliporeSigma, MA). One nmol of the cDNA probe was uhating with 100 L 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 L of PBS
buffer at 4 €. Then, the asymmetric PCR protiieere incubated with 5 L of the cDNéoated

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.

5.2.3Characterization of Asymmetric PCR with GrapheneNanosensors

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 mmbescha
outlet with the well. A syringe filled with air was used to provide the transfer pressure. Nuclease
free HO (90 L) was injected into the well to dilute the asymmetric PCR products Y0The
goals are to decrease the Debye screening effect byasnegethickness 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 Keitele8400 digital sourcemeters under control of LabVIEW programs.

5.2.4 Comparisonof Asymmetric PCR with BeadBased PCR

The asymmetric PCR and bebdsed PCR were compared to prove that the asymmetric
PCR has higher efficiency over the bdmbsed PCR. A ssDNA aptamer binding to IgE and a
singlechamber chip were used to demonstrate the comparison. Febased PCR, a ferfmole
(20 W) template ssDNA was used to mimic the amount of ssSDNA binding on tengétd beads,
and flow though the chamber filled with PCR beads immobilized with reverse primer. After
washing, PCR reagent without reverse primers was introducedryoatar25cycle beaebased
PCR. Upon completion of the PCR, the PCR beads were washed and 10 L of the amplified
ssDNA was collected by heating to @2 For asymmetric PCR, 5 fmole template was used in a 5
uL of asymmetric PCR master mixes andc¥6le asymmetric PCR was carried out on the single

chamber chip. Then, the amplified products were collected and diluted to 10 [L. To compare the
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efficiency of the two types of PCR, two methods were used. First, the amplified products of 20 L
each were subject to 3% agarose gel electrophoresis. The band intensity of asymmetry PCR was
significantly higher than that of the bebhdsed PCR, indicatinthat the asymmetric PCR has
higher efficiency of amplifying the enriched ssDNA molecules over the-bead PCR. Second,
beadbased fluorescence microscopy assay was used. Thel&#diled forward primer was used;

thus, the amplified aptamers were FAM i@ The amplified products (20 L) were incubated

with IgE-coated beads (5 L) 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 highethat of the beathased PCR, meaning that the asymmetric PCR has a higher

efficiency of amplifying the enriched ssDNA molecules over the ‘emd PCR.

5.2.5Microfluidic SELEX Integrated with Asymmetric PCR

Five nmol of an initial randomized singdtranded DNA (ssDNA) library (FAMabelled)
diluted in 200 (L of selection buffer was heated at°@5for 10 min and immediately cooled-at
20°C 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 |L of polyclonal IgG beads and 100
L of protein A/G beads to remove the nbinders. Then, integrated micraitlic SELEX was
performed. Briefly, target Ig@oated beads were igjed 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 chambet with a flow rate of 10 L/min to incubate with the target I9gG. Following this
incubation, a washing buffer was introduced at a flow rate of 20 L/min to remove the weakly
binding and nonbinding oligonucleotides. Upon completion of washing, asymmeRicr2Ster

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 € for 30 s
followed by 25 amplification cycles at 90 € for 15 s, annealing at 57 € for 15 s, extension at

72 € for 20 s and a final extension at 72 € for 1 min. The aifiptl product by the asymmetric

PCR was transferred (flow rate: 10 pi./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 outletf 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 [L/min for 5 min to remove the nonbinding
oligonucleotidesAfter 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 thirdund selection. This process was repeated after 5 rousdkieofion.

The enriched pools of each round were amplified by symmetric PCR and subsequent asymmetric
PCR for affinity characterization. Once higHfinity pools were observed, the enriched pool of the

last round was sequenced by the rgeteration higithroughput 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 spedif conditions (165 mM Na 2 mM Mg*, and 25°C). The motif analysis

was performed by MEME Suite.
5.3 Results and Discussion

5.3.1Physicd Characterization of Device
The resistive heaters and sensors were characterigadlite accurate temperature control
and thermal cycles for echip 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 temperatmé&ol environmental chamber,

where the temperature varied from room temperature to 95€C. At every 10C increment, the
resistance of the sensor was measured. The obtained data, as showmeirb Rigiurevealed a

linear relationship between resistance and temperature. The temperature coefficient of resistance
(U was calculated as 1.860°°CtusingY p | “Y Y Y, whereR is the resistance at a

given temperatur@ andRy is the resistance at room temperaflgeWith the temperature sensor
characterized, a thermal cycle was conducted to enabbdhiprPCR amplification. This cycle
involved specific temperature stages: denaturation at 90 € for 5 seconds, annealing at 50 € for
15 seconds, and extension at 7X@ 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 propertigedfabVIEW 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 (withils €) (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.
5.3.2Characterization of Asymmetric PCR with Fluorescence Microscopy

To confirm the successful generation of ssDNA through asymmetric & 6Bacbased
fluorescence microscopy assay was condudtéztobeads were immobilized with a cDNA probe
that can hybridize with the target ssSDNA (Figure 5.3a). Since a-Fadkelled forward primer was
utilized in the asymmetric PCR, the resulting ssDNA exhibited fluorescence. A higher
fluorescence intensity was sdrved for the cDNA probeoated beads that were incubated with
the asymmetric PCR products containing the target dsDNA as the template. In contrast, negligible
fluorescence intensity was obtained for contromgkes. These results confirmed that the
asymmetric PCR was successfully carried out on the chip. In addition, a comparison was made
between the owghip asymmetric PCR and conventional -dfip PCR, performed using a
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commercial thermal cycler under identical experimental conditions. Hehiprasymmetric PCR
demonstrated a fluorescence intensity comparable to that of thkipfPCR. This indicates that

the onchip PCR chip achieves a similar efficiency of ssDNA gatien as the commercial
thermal cycler. Furthermore, the progression of the asymmetric PCR was monitored using the
beadbased fluorescence microscope assay, varying the number of thermal cycles from 0 to 45
cycles (Figure 5.3b). There was no significamange 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, indicatinghe generation of ssDNA through the extension of the remaining excess
forward primer. Overall, the bedzhsed fluorescence microscopy assay provides evidence of

ssDNA generation through asymmetric PCR on the chip.
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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.

5.3.3Characterization 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 chat@cimirve 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 nanostieseed a small shift for
symmetric PCR (forward primer: reverse primer is 1:1) product (Figure 5.4c). The Dirac point
Shi fdid) ( wWEds de birdeVa6Voidcs W \birac ois the Dirac point for the sample

of PCR products without addingdNA as template andpiac is the Dirac point for the sample

of asymmetric PCR products with target dsDNA templatb.e v a | vig wereadiculazed

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 symmetricRPThe small signal response for
symmetric PCR products is because there was a small amount of ssDNA that doa® tio¢ for
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 bifAdsto 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 () symmetric PCR. (d) Measurement of dsDNA template without PCR
amplification. ( €) Dirac point shifts for products from asymmetric PCR, symmetric PCR and no
PCR.

5.3.4 @mparison of Asymmetric PCRwith Bead-Based PCR

Three PCR methods, includistandard, asymmetric and bdaaksed PCR, have been used
for ssSDNA generatiorin microfluidic SELEX. Standard PCR is an established method for
effectively amplifying DNA, yet it produces dsDNA products. lstel introduced a technique
involving rapid cooling to a lower temperature (~10 €) 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 targebinding aptamers in subsequent SELEX rouBtsadbased PCR, a variant of

the PCR procedure that has been used in the previous SELEX work of our[8@ouB5]
employs reverse primer attached to microbeads, resulting in bedldered template DNA
duplicates. The use of beads allows for the separation of ssSDNA without the risk of hybridization
back to form dsDNA. However, challenges include potential template loss during eogyaire,

lower efficiency in ssDNA generation in solhase amplification reactions, and the high cost of
PCR beadsTo enhance the efficiency of ssSDNA generation in SEL&S¥mmetric PCR has been
introduced in this thesis, which invas 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 solutiochgsease
asymmetric PCRas 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 platfodmrefreshing beads.

To demonstrate the higher efficiency of asymmetric PCR in ssDNA generation for SELEX
compared to beaddased PCR, we conducted a comparison using two approdlss the
amplified products each were subject to agarose gel electrophoresis (Figiira brighter band
at approximately 60 bp was observed for the asymmetric PCR product, while a negligible band
was observed for the bedbdsed PCR product. ThEhenomenornndicates that the amount of
ssDNA molecules in asymmetric PCR is significantly higher than that in thebssad PCR
product, demonstrating the superior efficiency of asymmetric PCR in amplifying enriched ssDNA
molecules over beabased PCRSecond, beallased fluorescence microscopy assay was used.

The FAMlabelled forward primer was used; thus, the amplified aptamers were FAM labelled. The
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amplified products were incubated with lgBated beads. After washing, the fluorescence
intensity on the beads was measured and compared (Fi¢gpbde Bhe intensity of asymmetric
PCR was much higher that of the bdmbed PCR, meaning that the asymmetric PCR has a higher
efficiency of amplifying the enriched ssDNA molecules over the {edi PCRThese results
suggest the effectiveness of asymmetric PCR for microfluidic SELEX, although a systematic
comparison of standard, bebdsed, and asymmetric PCRetimods in ssDNA generation
efficiency needs to be conducted.
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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) Beadbased
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. Thatgetantibody was immobilized oprotein A/G beads and then
injected into the positive selection chamber for positive selection. In the ceeteetion chamber,
a mixture of polyclonal IgG beads (NH#gtivated beads) and protein A/G beads was injected for
counter selection. Here, NH&tvated beads were used to immobilize polyclonal IgG as counter

targets because the covalent attachment alfowsandom immobilization instead of orientated
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immobilization of antibodied136, 137] and thus the constant regions of the antibody are
maximumly exposed to the ssDNA library, improving the removal efficiency chintindiotype
aptamers. The selection process was monitored by characterizing the affinity of each enriched pool
to IgG-coated beads in the chambers (Figu®).5After three rounds of SELEX, fluorescence
intensities on target antibodyated beads increased significantly, while negligible changes were
observed for counter target beads, indicating that enriched pools withfimily 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

beadbased PCR was used previously.
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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+ 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
beadbased fluorescence microscopy assay. The pool from round 5 was collected and amplified
through symmetric PCR, utilizing a FAMDbelled forward primer. Then, ssB\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 polyclenahted 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/-Ebided beads increased in
correlation with the increasing concentration of sSDNA, while negligible fluorescence intensity
was observed on polyclonal lgébated beads (Figure?. This suggests that the enriched pool
exhibits high specificity towards tharget antibody TNX7. The affinity of the pool was further
evaluated, yielding equilibrium dissociation constaiip)(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 midfluidic SELEX platform with asymmetric PCR, which allows for

onchip selection monitoring, effectively improving the efficacy of aptasedzction.
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Figure 5.7: Characterization of affinity and specificity of enriched pool 5.

5.4 Conclusion

In conclusion, aptamers have emerged as powerful nucleicbasetl 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 lahotensive and time&onsuming, prompting the exploration of more
efficient methods to streamline aptamer generation. Microtihdsed SELEX has proven to be

a gamechanger, significantly reducing the time and reagent consumption required for aptamer
isolation. The integration of positive selection, negative selection, and amplification through an
solutionbasedasymmetric PCR appach 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 press. This reaime 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
microdfluidic 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, singgranded nucleic acids that exhibit high affinity and specificity
towards a diverse range of targets, such as small moldt6igls proteing[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 therapelritise field of biomedical research,
aptamers have been utilized for targeted drug delif@88], tumor imaging169], and disease
biomarker detection[170]. Additionally, aptamers have the potential to be applied in
environmental monitorinflL71], food safetyf172], and industrial manufacturiri73]. Aptamers
are typically isolated from randomized oligonucleotide libraries using-aitrmiterative process
of SELEX (Systematic Evolution of Ligands by EXponengalichment). 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 po@sed 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], enzymelinked oligonucleotide assay (ELONA43], and fluorescence assay$75-178]

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 fluoresmepolarization or intensity
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assays. While many modification labels, such-&\81, standard biotin, and internal Cy3, can be
attached during aptamer synthesesphosphoroamidite 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 thierdigihput sequencing
data must be assessg9, 180] There is therefore an urgent need for a more efficient and cost
effective modification approach to facilitate the affinity characterization of aptamers.

This chaptempresents an approach to mitigate the tooasuming and expensive nature of
current methods for aptamer identification from SELgeterated targddinding oligonucleotide
pools. The approach is based on a simplified and streamlined procedure to germaibdre
labeled singlestranded 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 toctmemonly used phosphoroamidite
chemistry methods that typically require mgtep labelling procedures, expensive reagents,
specialized expertise and equipment. In addition, the use ofdasad fluorescence assay offers
sensitivity and convenience in aptamer characterization and identification. The fluorophore
labeled ssDNA candidates can be readily captured on the surfdbe tdrgetcoated beads,
allowing for precise and sensitive measurement of fluorescence signals. Théabedd
fluorescence asgalso provides a seamless workflow since many aptamers are isolated through
beadbased SELEX58, 102, 150, 181]The direct utilization of target molecut®ated 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 PCRerabled approach was successful in generating fluorogabetled 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

6.2.1Aptamer Identification Principle

Asymmetric PCR was used to amplify the unmodified ssDNA aptamer candidates and
generate fluorophofiabelled ssDNA aptamer candidates. The asymmetric PCR reaction starts
with the unmodified ssDNA aptamer candidates as templates, which are then mixedavgth a
excess of fluorophorlabeled 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 occursrenefficiently 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 genated 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 moleculeoated 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
fluorophoreconjugated aptamers, this approach can identifynagts from a number of aptamer

candidates in a cosfffective 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 PCRProcedure

Asymmetric PCR (with a 20:1 ratio of forward primer to reverse primer) was performed in
a 100 L mixture containing 5 |L of 100 nM unmodified aptamer candidate as template, 1 |L of
100 M FAM-labeled forward primer, 5 | L of 1 M reverse primer, 0.5 L of BL Gotaq DNA
polymerase, 2 |L of 10 mM dNTPs, 8 |L of 25 mM Mg£ 20 L of Gotaq 5 reaction buffer,
and 58.5 |L of nucleic acid freed®. Asymmetric PCR was performed on a thermal cycler-(Bio
Rad, CA) using following parameters: an initial denaturatb 95 € for 3 min followed by 30
amplification cycles at 95 € for 30 s, annealing at 57 € for 30 s, extension at 72 € for 40 s and
final extension at 72 € for 2 min. The sequence ofp taa mer I GE1

ATCCAGAGTGACGCAGCACTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTCA
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TGGACACGGTGGCTTAGT3 6 and t he seguence of - cont
ATCCAGAGTGACGCAGCATTATACATTTGAAACCAGTATCTTATCATTAGTTTTTITG
TGGACACGGTGGCTTAGF3 6. The corresponding forward pri
apt ame-FAVMBATECABAGTGACGCAGCA3 60 a-AQTAASECACCGTGTCCA3 6,
respectivel y. The forward pri mer anBAM-r ever s
AGTGACCGAATCCAAACCCT-3 6 aME@CAGACTTACCCCTATGGAS3 06, respecti v

All oligonucleotides were purchased from Integrated DNA Technologies.

6.2.3 Agarose Gel Electrophoresis

The asymmetric PCR products were analyzed on 3% aggedselectrophoresis. For
agarose gel preparation, 1.8 g of agarose powderRBib1613101) was added a flask containing
60 mL of 1 Tris/Boric Acid/EDTA (TBE) buffer (BieRad 1610733) and heated in a microwave
until the agarose was completely dissolved. After the mixture was cooled to are8a& {But
still liquid), 3 |L of ethidium bromide (Bio Basic D0197) was added to the medvefore pouring
it into the gel tray. Asymmetric PCR product (2D)jwas mixed with 5 loading buffer (5 [L)
and loaded onto the prepared gel. After running at 120 V for 25 min, the gel was visualized by UV
transilluminator.
6.2.4Aptamer ldentification with Bead-Based Fluorescence Assay

Aptamers were identified from the asymmetric PgdRerated aptamer candidates through
beadbased fluorescence assay. Target IgE protein were immobilized on microbeads using the
same protocol of targebated bead preparation used in the SELEX previdu8)]. Briefly, an
aliquot of 200 L of NHSactivated SepharoseTM 4 Fast Flow slurry was incubated with 50 g of
proteinand blocked with 100 mM of ethanolamine. The-lggads were dissolved in 500 |L of

PBSM buffer (PBS with 2 mM Mg@) and stored at 4C for use. To prepare TNX@oated beads,
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100 |L of protein A/G beads were incubated with 100 g of monoclonal antibodies. After washing
three times with 300 WL PBSM buffer, the TNX¢bated beads were suspended in 300 |L of
selection buffer and stored a®@ for useThen, 50 L of FAM-labelled aptamer candidates from

the asymmetric PCR were diluted widld L of PBSM buffer. The concentration of directly
synthesized aptamer candidates was 500 nM. T-aoged beads (10 (L) were incubated with
these folded aptamer candidates. After incubatioa lbomemade rotator at room temperature for
30 min and washing with 200 L PBSM buffer for three times, the beads were injected into a
microfluidic chamberdeveloped by our group previoudl¥31] and fluorescence images were
acquired by the inverted fluorescence microsc@parl 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 fluortgdbelesl aptamer,
a previously isolated aptamer against IgE protein, termed I&B2], was used as model.
Unmodified IGE1 was used as template for asymmetric PCR, with a ratio ofiadéled forward
primer to reverse primer set at 20:1. Agarose gel electrophoresis was used to validate the successful
amplification and generation of ssDNAGE1 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 representirgetssDNA 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 IGEL, 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 FAN&belled ssDNA aptamers generated from asymmetric
PCR can specifically bind to IgE protein, microfluidic bdmabed fluorescence microscopy assay
was performed for these asymmetric PCR prodiisrofluidic 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 molecated beads (IgEoated
beads). After washing, ftescence images were acgairand 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 P@Riplification, 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 frorbindimg ones, thereby

facilitating the identification of aptamers from a pool of candidates in sequencing data.

124



No asy-PCR

(a) Ruler 1 2 3 4 5 (b)

Asy-PCR (Control) Asy-PCR (no template)

80 bp dsDNA
60 bp 140
40 bp SSONA 23 (c)
E 120 -
2100
172
1: dsDNA (reference) § 80t
2: asymmetric PCR (template: IgE aptamer) £
3: asymmetric PCR (template: control aptamer) 8 60}
4: ssDNA (reference) S
5: asymmetric PCR (no template) § 40+
S 20t
T
0 — T T
% %, y Rt
o‘?& 6» k/o > 6» }‘/0 > f@,);?k,o
% Bp, B R D%
A ”)@, % & 6’0

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 astemplate,
lane 4: ssDNA aptamer IGE1 loaded directly, lane 5: asymmetric PCR without template. (b)
Fluorescence images of IgEcoated beads after interacting with PCR products. Scale bar: 200 um.
(c) Fluorescence intensity of IgEcoated beads afer 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 #9R using agarose gel electrophoresethod. 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 00 nM). Then, the
concentration of sSDNA in ad§CR amplicon was calcukd 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
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IgE-coated incubating with the 10 nM FAMDbelled aptamer generated by the phosphoroamidite
chemistry method (Figure 6.3b). No significant difference was observed, indicating that-the asy
PCR generated FANabelled aptamer is comparable to that of aptagererated from the

phosphoroamidite chemistry method.
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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 twdailed unpaired Student's t-tests.

6.3.2 Identifying Aptamers for Monoclonal Antibody

Weapplied the approach to identify aptamers from a pool of candidates. Recently, we have
performed Sround microfluidic SELEX to isolate aptamers for a monoclonal IgG antibody, TNX7,
targeting Spike protein of SARGoV-2 virus [183]. Though highthrough nexgeneration
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 abundarigsiences (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 bpmmahthe
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 methodheasmgo 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.
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